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An introduction to the work in the thesis is given.
A survey of the literature describes general methods of 
synthesis of transition metal macrocycles and porphyrins and 
their relevance to substrate binding and activation. The 
aims of this study are introduced.
Chapter 2
The synthesis and characterization of four neutral 14- 
membered tetraaza 2 ,6 -pyridyl macrocycles L 1-!1* with varying 
carbon and nitrogen alkylation is described. Extensive 1H 
and 13C n.m.r. studies in combination with a single X-ray 
crystal structure of the free ligand I^.E^O were undertaken. 
The free ligand was found to adopt a puckered arrangement 
in order to minimise nitrogen donor lone pair interactions.
Chapter 3
The insertion of the platinum metals Ru(II), Rh(III), 
Ir(III), Pd(II), and Pt(II) into the tetraaza macrocyclic 
ligands L 1 -L4’ is described. All new compounds were fully 
characterized by n.m.r., infrared and mass spectral tech­
niques and by the X-ray crystal structures of 
cis [RuL3 (CO) Cl] BPh. , trans [RhL2Cl„ ] PF, , az-s [ IrL1* (H) Cl] PF,4 Z D  D
and [PdL1] (BPh^^* The Rh(III) and Pd(II) structures both 
show the macrocyclic ligands bound to four equatorial sites 
around each metal centre. In contrast the Ir(III) and Ru(II) 
complexes display folded ligand structures with one nitrogen
donor, N(7), bent away to occupy an apical position to 
give a-is coordination of the remaining two ligands. 1H 
and 13C n.m.r. studies indicated that in most cases several 
ligand isomers were present in solution.
Chapter 4
The X-ray crystal structure of the square planar
[Pd (TMC) ] cation shows the macrocycle to adopt the R.S.R.S.
conformation.
The complex shows a fully reversible one electron
reduction process in acetonitrile at E,= -1.45V vs. Ag/Ag+ , '
2
AEp=65mV at Pt electrodes. Controlled potential electrolysis 
of [Pd(TMC)]2+ at -1.50V in acetonitrile afforded a reduction 
product which was assigned as a d 9, Pd(I) complex [Pd(TMC)]+ , 
( g n  = 2. 302, g^=2 .076) with coupling to 105Pd (22.2%, 1 = 5/2), 
An = 5 3 ,  Aj^iOG. From an investigation of TMC and six other 
tetraaza macrocyclic complexes, the Pd(II)/(I) redox couple 
was found to occur at potentials on average 300mV more cathodic 
than the corresponding Ni(II)/(I) couples. No Pd(II)/(III) 
redox process was observed within the anodic range of the 
acetonitrile solvent; this contrasts with the corresponding 
nickel macrocyclic complexes which all show Ni(II)/(III) 
redox couples in the range +0.6 8 ++1.33V.
Chapter 5
A comparison of the redox chemistry of the square planar 
nickel diiminopyridyl macrocyclic complexes [Ni(n^X)]2+ was 
investigated. (X = n,p where n ^ , n^p are respective tetraaza 
and triazaphosphorus donor sets). Both complexes show two
iv
reversible one electron reductions. Characterization of 
the first reduction product by e.s.r. spectroscopy shows 
the reduction of [Ni(n4 )]24 to be ligand based, whereas for 
[Ni (n^p)] the reduction was found to be metal based. The 
binding of CO, phosphines and related ligands to the mono­
valent complex is described. The single crystal X-ray 
structure of [Niin^p)] (PFg )2 was determined confirming the 
square planar nickel geometry.
A structural investigation of the monohalo derivatives 
[Ni(n^X)Cl]+ , (X = p,s, where n^s is a triazathia donor set) 
was undertaken.[Ni (n^p)Cl] + shows a 5 coordinate square 
based pyramidal geometry around Ni(II) analogous to the 
previously reported [Ni(n4 )Br]+ complex. In contrast a 
dimeric structure with dichloro bridges between octahedral 
nickel(II) centres is found for the sulphur analogue 
[Ni(n3 s)Cl]2 + •
Chapter 6
Parallel studies were instigated into the isoelectronic 
reactions of [NiL]+ with dioxygen and [NiL]2+ with superoxide 
ion in acetonitrile at 230K (L = TMC, C-raa HMC).The product 
of the reactions was a reactive paramagnetic pale green 
solution with an anisotropic e.s.r. signal, g_i_=2.195, gn=2.056. 
61Ni labelling experiments confirmed the predominantly metal 
based radical nature of the species of proposed stoichiometry 
[NiL(C>2)]+. A respective one or two electron transfer from 
nickel to superoxide or dioxygen is proposed to form a reac­
tive, formal nickel(III) - peroxo complex. A rhombic e.s.r. 
signal from a paramagnetic green solution for L=TMC is also 
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Introduction
Introduction
1.1 The Thermodynamics of Macrocvclic Chemistry
The greater stability observed in a series of copper(II) 
tetraaza macrocyclic complexes when compared to linear poly- 
dentate ligand analogues was first described by Margerum 
and Cabbiness and termed the "macrocyclic effect" .
The macrocyclic effect is linked to the Gibbs energy term,
AG, referring to the metathetical reaction [1].
[ML]n+ +Lm - [MLm ]n+ +L [1]
(non- (macro- (macro- (non-
cyclic)cyclic) cyclic) cyclic)
The enhanced stability of the macrocyclic complex has
aroused much debate as to its thermodynamic origins with
2 3 4 5both entropic ' , enthalpic ' or a combination of both
6 7 8terras ' ' proposed. Recent results on an extensive series
of copper(II) tetraaza macrocycles with 12-16 membered ring
size and their open chain analogues suggest the origin is
8 8 3mainly entropic . Clay, in agreement with Kirnura and Kodama
concluded that the enhanced stability arose from favourable
changes in AS arising from the increased number of particles
in solution [ 2 ] .
[M(H2 0)6]2+ + Lm -* [MLm ]2+ + 6H20 [2]
A relatively small but usually favourable enthalpic contri­
bution, due to the difference in solvation terms of the free 
ligands L,Lm is also observed. The more compact, cyclic 
ligand is generally less solvated than the non-cyclic
analogue and therefore less energy is expended in its
4desolvation step .
Metal complexes of macrocyclic ligands therefore 
typically show;
i) a marked kinetic inertness towards both complex
9formation and dissociation . C  abbiness and 
Marg;erum found that under equivalent conditions 
rates of formation of Cu(II) cyclic tetraaza com­
plexes are aa. 1 0 6 slower than open chain analogues.
Rates of decomposition 107 slower than open chain 
analogues impart a greater stability to the cyclic 
complex^.
ii) A high thermodynamic stability which is reflected 
in stability constants several orders of magnitude 
larger than corresponding complexes with linear 
l i g a n d s .
iii) Strong metal-donor atom interactions within the 
macrocycle result in large in-plane ligand field
i 10values
The macrocyclic ligand normally allows for the stereo­
chemistry of the complex to be maintained during a change 
in oxidation state of the central metal ion.
The macrocycle can therefore be regarded as a protecting 
group for the metal centre controlling its stereochemical, 
electronic and redox properties. These factors are required 
in- the function of many natural product systems. Conse­
quently the macrocyclic moiety, usually in the form of a 
14-16 membered tetrapyrrolic unit, is found in a diverse array 
of biological systems.
3
1.2 Biological Aspects and Substrate Binding
Examples of the function of various essential transition
metal macrocycles in vivo include; oxygen carriers (Fe -
152 1 1hemoglobins) , electron transport (eg. cytochrome c-(Fe) j ,
1 1substrate modification (Co - vitamin B 12) and CC>2 reduction
1 2(Ni - coenzyme P430) . The biologically occurring metal
macrocycles are considered to represent the ultimate in metal 
1 1ion control. This is accomplished through (i) intricate
modification to the basic tetrapyrrolic framework, (ii) changes
to the peripheral substituents on the ligand, and (iii) subtle
environmental effects from the tertiary structure of the
metalloprotein or enzyme, eg., highly specific base paired
1 1hydrogen bonding interactions . The natural product 
porphyrin systems have stimulated a great deal of interest in 
model macrocyclic systems containing tetraaza donor sets with 
the biologically important first row transition metals Fe,Co, 
Ni,Cu and Zn.
Numerous research groups have attempted to mimic the 
in vivo metal ion control such as substrate binding and 
activation of biological macrocycles in vitro. A represen­
tative example of substrate binding is provided by Busch and
coworkers in their work with lacunar macrobicyclic 'complexes
13 14of general structure (3) '
4
R1 = c h 2 CsH 5 c h 2
=c h 2c h 2c h 2
R2 =R3 = Me 
M =00(11),, Nidi), Fe(II)
[3]
The Fe(II) complex was chosen for further study as its
Fe(II)/(III) redox properties closely match those found in
biological heme moieties. The observed reversible dioxygen
binding to M=Fe(II) and Co(II) was found to be very sensitive
to the nature of the R 1 bridge. By providing a tight,
sterically demanding cavity, R 1 = -CH^CgH^CB^- , reversible
oxygen binding without irreversible side reactions was 
1 3observed . Using the smaller propylene bridge, -C^CF^Ci^-,
an autoxidation reaction was observed with no reversible
1 4binding being detected
Other significant contributions to the field of substrate
binding and activation have been provided by the research
*15 *16 *1 Vgroups of notably Baldwin , Collman and Groves . 'Capped 1
and 'picket fence' porphyrins are two examples of modified
porphyrins for specific activity towards a coordinating axial
ligand synthesised by the Baldwin and Collman research groups
respectively.
5
Many variations in compound stability, redox or magnetic 
properties may be rationalised with respect to the in-plane
1.3 Factors Influencing Metal-Hacrocycle Redox Properties
stronger ligand fields than comparable non-macrocyclic 
ligands owing to a constraining or constrictive effect.
This property leads to ground state electronic configurations 
that are observed only in the presence of macrocyclic ligands. 
Factors known to influence the central metal ion include 
macrocyclic (i) ring size, (ii) saturation, (iii) stereo­
chemistry, (iv) donor atom type and (v) substituents on the 
macrocycle.
1 8For a series of N i (II) tetraaza macrocycles, Busch and 
1 9Barefield were able to quantify the factors that stabilize
the N i (I ) , Ni ( III) and Fe(III) oxidation states. Examples
of experimentally derived contributions to the reversible
18 19Ni (II)/(I) half wave potential include '
ligand field (Dqx^ ) . Macrocyclic ligands often produce
AEi/mV
2
Ring size increase: 1 4 1  5 member + 225
Ring size increase: 14-+16 member + 375
Delocalized charge on macrocycle -430
Saturation: introduction of ct-diimine
function + 170
Substitution: NMe group for NH + 140
An example of the ability of variations in macrocyclic ring 
size and stereochemistry to stabilize unusual oxidation 
states is illustrated by the homoleptic complexes (4)-(6 ).
To form the formal metal (III) complexes [M(4)
M=Pd,Pt, by chemical or electrochemical oxidation of the 
d 8 ,M(II) precursors, octahedral coordination around the d 7
2 0 2 2 2 "i"metal ion is required . The complexes [M(L)]
M=Pd,Pt, L=(5) or (6 ) show no oxidative redox processes.
The inactivity of the two macrocyclic complexes may be 
rationalised by the inability to form octahedral complexes 
with (5) or (6 ). Ligand (6 ) may be regarded as being too 
small to fully encapsulate octahedrally the relatively large 
Pd(II), Pt(II) metal ions. Therefore the coordinative 
flexibility of (4) in this system appears crucial in stabili­
zing the d 7 metal centre, 
r 2 3Fabbizzi has recently presented results into the 
investigation of variation of donor atom type on nickel redox 
couples. Using macrocycles L=(7)-(9) with 'N^1, '^0', ' ^ S 1
7
donor sets octahedral, complexes of stoichiometry [Ni(L) 2 ] 2 + 
were synthesised and the effect of introducing axial 0 ,S 
donor heteroatoms on the N i (II)/(III) redox couple investi­
gated.
X = NH : (7) 
0 : (8) 
S : (9)
The examples described above illustrate the ability of 
macrocycles to form activated species via unusual coordination 
or redox properties by fine 'tuning' of the gross redox 
properties of the central metal ion with variation in macro- 
cyclic design. These adjustments are often essential if 
the activated species is to be reactive towards small molecules 
and organic substrates in catalytic reactions.
1.4 Catalytic Aspects
For the design of an efficient catalvtically active metal 
complex the protection or blocking of certain coordination 
sites and the parallel incorporation of specific labile 
positions at the metal centre is desirable. Porphyrins and 
macrocycles that stabilize a wide range of transition metal 
oxidation states in reversible multi-redox processes while 
simultaneously occupying usually four coordination sites of 
a metal are ideally suited for catalytic investigation.
Therefore the activation of small molecule substrates such 
as ethylene, NO, NO^ , CO, CO 2 , O 2 / ^  and by metallo-
porphyrins and macrocycles has received considerable 
24-34attention . The four electron reduction of 0  ̂ to r^O
has received impetus with the importance of fuel cells and 
24 25air batteries ' . The covalently linked 'face to face'
Co porphyrin dimers, [10] and interestingly the iridium
32monomer Ir(OEP)H adsorbed on graphite electrodes exhibit 
unusually high catalytic activity towards the reduction of 
O 2 to H 2 O without production of significant concentrations
in aqueous acidic media.
0 = ( i  ° \  ? = °  C  = 0 E P
HN 0 NH
(10)
35Wayland and coworkers have recently catalytically produced 
methanol and formaldehyde from and CO using [Rh(0EP) ] 2 
by irradiation at 350nm.
Several groups have studied the electrocatalytic reduc­
tion of CO 2 using tetraaza 'macrocycles such as cyclam or (11),
2 -  2 -or the porphyrins OEP , TPP . The reduction was found to
27—29 30 27proceed to CO , oxalate or formate depending on the
9
2 +metal and the reaction conditions employed. [Ni (cyclam)] 
has been found to be a remarkably efficient and selective 
catalyst for the reduction of CO  ̂ to CO in aqueous solu­
tion without the production of appreciable amounts of H ^
from the competing reaction of the electroreduction of water 
28 2 9' It is believed that the Ni(I) species [Ni(cyclam)-
CO]+ is present in solution during the electrocatalytic 
process.
High valent iron and manganese porphyrins have been 
used as alkane and alkene epoxidation and hydroxylation 
catalysts, successfully mimicking the behavior of cyto­
chrome P450, an iron heme based family of monooxygenase 
1 7enzymes
Low valent,' electron rich metal centres such as
3 6 “ 3 8Co(I), Rh(I) and Ni(I) can undergo oxidative addition
39or electron transfer reactions . Using tetraaza or 
tetrathia macrocycles as a protecting group, species such 
as [Rh(12)(C3 H 6Br)I], [Rh(5)(Cg^CO)Cl]+ and [Ni(TMC)CH3]+ 
are formed on reaction of low valent metal centres with 
alkyl or acyl halides.
(11)
N \  / E t
Me-
X / I N
N N •Me
(12)
A recent development in macrocyclic chemistry has been 
the synthesis of metalloporphyrin and macrocyclic complexes 
containing metal carbon a bonds in axial coordination sites.
In addition to the alkyl and acyl examples described above,
carbene, vinyl, vinylidiene and acetylene species have also
4 0 4 1  3 5 4 2  31been prepared ' while hydrido ' , dinitrogen and dioxygen
43 complexes that may be considered as catalytic intermediates
have also been prepared.
The double bonded metalloporphyrin dimers [M(por)]9 ,
(M=Ru(II) , Os (II), Ir(II) , Rh(II), por = OEP 2 _ ,TPP2)“ have
been utilized as a convenient reagent for many insertion or
binding reactions. A representative summary of recent work
4 0of Collman and coworkers for the diruthenium species 
[RufOEP)^ is illustrated below (Figure 1.4.1.).
Figure 1.4.1. A Summary of Coliman's Work on Reaction.
of [Ru(OEP) ] 2
i : CH2CH2/thf 
O  - 0 E P
12
1.5 General Methods of Synthesis
i. Template reactions
44 45Since the discovery by Curtis and Busch of the
transition metal-mediated template synthesis of macrocyclic
ligands, an immense number of complexes have been synthesised.
Most are based on 14-membered macrocycles with tetraaza donor
groups due to their relevance to biological systems and their
relative ease of synthesis. The first row transition metals
Ni (II), Zn(II) and Cu(II) have been found experimentally to be
the most effective template centres. (Section 3.1.1).
Second and third row platinum group metal ions are generally
considered poor centres for template reactions due to their
kinetic non-lability. Metal phthalocyanine complexes with
the second and third row platinum metals are however formed
by template reactions. Condensation around a metal salt is
achieved by heating at elevated temperatures (ca.250°C) in
46the presence of excess a-cyanobenzamide or phthalonitrile 
The mild conditions employed for the successful Schiff base 
template reactions with first row transition metals are 
insufficiently vigorous to form analogous second and third 
row complexes. Our approach to the synthesis of non- 
porphyrinoid platinum metal macrocyclic complexes therefore 
involved metal insertion reactions into preformed free 
ligands.
ii. Metal Insertion Reactions
As described above, many macrocycles are efficiently 
formed in high yield around Cu(II) or Ni(II) metal centres.
13
Demetallation to give the free ligand for use in subsequent
metal insertion reactions is effected with aqueous cyanide
47 48for Ni(II) or Na 2 S for Cu(II) . Other first row tran­
sition metal ions can then be readily inserted into these
4 8 S1 S Vpreformed ligands in high yields ' ' . To date, few
examples of the insertion of second or third row transition
49metal ions using a similar methodology have been reported 
(Section 3.1.2). By analogy to the well established 
synthesis of platinum metal porphyrin complexes^, it would 
be expected that vigorous conditions would be required.
For example, platinum metal ions can be readily inserted 
into a porphyrin free ligand, H^por, in refluxing dimethyl- 
formamide (dmf) or glacial acetic acid (boiling points 153° 
and 118°C respectively) [13].
Mn+ + H^por + [M(por)]
M=Ru(II) , Ru(III) , Os (II) ,
Pt (II) .
1 . 6  Aims of Work
The use of macrocyclic complexes in coordination as
protecting groups for metal centres is well established.
The multi-redox and catalytic behavior observed for second
and third row transition metal porphyrin complexes has been
32 40 41extensively studied by other workers ' ' . However there
remains a general paucity of analogous non-porphyrinoid 
second and third row macrocyclic complexes, due primarily to 
difficulties encountered in their synthesis. We therefore
‘2)+ +2H+ [13]
Rh(III) , Ir(III) , Pd (II) ,
14
undertook a study on the synthesis and redox properties 
of a series of non-porphyrinoid tetraaza macrocyclic com­
plexes. Four neutral tetraaza 2,6-pyridyl ligands with 
varying carbon and nitrogen alkylation (L1 -L4, see Figure 
1.6.1) were synthesised via the Ni(II) mediated template 
reaction (Chapter 2). The insertion and subsequent 
characterization of the platinum metal complexes with 
L 1 -Llf is described in Chapter 3. The redox activation of 
platinum metal porphyrin complexes and their reactivity with 
small molecule substrates provides a continuing area of 
investigation (Section 1.4). The redox behavior of a 
series of seven square planar Ni(II) and P d ( H )  tetraaza 
macrocycles complexes were investigated with the aim of 
studying their reactions with small molecule substrates. 
Although factors that influence the stability and reactivity 
of homoleptic metal macrocyclic complexes are often well 
established, fewer studies on mixed donor macrocyclic species
have been undertaken, due to complexities often involved in 
6 6 13 8their synthesis ' . A study was therefore initiated on
the structural and redox properties of a series of 2 ,6 -di-
iminopyridyi macrocycles with tetraaza, triazaphosphorus and
triazathia donor sets (Chapter 5). The reduction of dioxygen
by transition metal porphyrin complexes may be of industrial
24 25 32importance in the development of new fuel cells ' ' . The
reaction of dioxygen and superoxide with two square planar 
nickel tetraaza macrocycles was therefore studied by e.s.r. 
spectroscopy (Chapter 6).
15
Figure 1.6.1. Principle Macrocyclic Ligands (with Atomic
Numbering and Nomenclature) Discussed in this 
Work
15
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C H A P T E R  2
Synthesis and Characterization of 2,6-Pyridyl 
Tetraaza Macrocycles with Varying C-and N-Alkylation
1 8
2.1 Introduction
The 2,6-pyridyl tetraaza macrocycle L 1 can be readily
synthesised in good yield using the nickel-mediated template 
47method . Extraction of the nickel template centre and
insertion of other first row transition metals Fe(II),
Co(III), Cu(II) and Zn(II) into the free macrocycle L 1 , has
51 52been accomplished by several groups of workers . The
synthesis of L 1 and derivatives, L 2 -Llt, with varying C- 
and N-alkylation was undertaken to extend the range of
iR,' 1
[14]
L1 : R1 = Me ; r2 - r 3 := H
L? : R, IICSI
crii r 3 = Me
L? : R1 = r 3 = Me; R2~: H-
L4 : R1 = r2 = H ; R3 = Me
ligands available for reaction with the platinum group 
metal ions. A characteristic reaction of some transition 
metal amine species especially i r o n ^  and ruthenium "*4 is 
oxidative dehydrogenation at the C-N function to form an a- 
“imine species [15].
Removal of all secondary amine protons of the free 
ligand by alkylation with formic acid/formaldehyde would 
be expected to block this reaction pathway thereby facili­
tating the isolation of metal complexes.
With control of the environment of the central macro- 
cyclic cavity by alkylation or substitution of pendant 
ligating groups for the secondary amine groups, a route to 
the stabilization of a wide range of metal oxidation states 
was envisaged. The incorporation of pendant ligating 
groups into macrocyclic ionophores has been reported by 
several groups. These include functionalization of aza
macrocycles by - C ^ C I ^ N  (CH^ ) 2 >
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2.2 Stereochemistry of Macrocycles L 1 -L‘t
With three chiral N and two chiral C centres on
complexation of L 1 - ! , 3 with a metal ion, 24 isomers including
10 pairs of optical isomers are possible60. The isomers
of L l-L 3 are divided into C-meso and C-vac isomers. The
16 C-vao isomers (with the two CMe groups on opposite sides
of the tetraaza macrocyclic plane) are 8 pairs of enantiomers.
The 8 C-meso isomers (with CMe groups on the same side of the
macrocyclic plane) include two pairs of enantiomers. The
six stereoisomers with C-meso geometry are represented
diagrammatically in Figure 2.2.1 60.
Usually, not all of these isomers are observed experi- 
51mentally. Busch , predicted an order of stability of the 
six configurations by considering bond angle strain and 
steric repulsions and proposed an order of decreasing stability 
I (most stable) >II>III>IV>V>VI (least stable).
Results and Discussion
2.3 Synthesis of the Free Ligands L 1 -L*t
Macrocycles were prepared by the acid catalysed
template condensation around Ni(II) using the appropriate
pyridine diketone and diamino propylamine, following with a
few minor modifications, the general synthetic procedure of 
47Karn and Busch . A summary of the synthesis is given in 
Figure 2.3.1; full details are given in the experimental 
section. Step ii, the borohydride reduction of the diimine 
function of [Ni(n4)]2+ to form the saturated macrocycle
22
Figure 2.2.1 Representation of the C-meso Configurational 
Isomers of L 1
Key: | | represents methyl groups and NH groups,
'+' represents group above the macrocyclic plane,




Figure 2.3.1. Synthesis of the Free Ligands L 1 -Lt>
0 ?+ 0 Ni2+ (i)
(I):R' = H,R2 = Me, 
=[Ni(n4;]2+




HN—  Ni — NH 
(  ,N
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enables the removal of the metal ion from the macrocyclic
core. Metal abstraction from the unreduced diimine ligand
would cause hydrolysis of the metal free macrocycle under
the aqueous conditions of the experiment. Reduction of the
diimine function of [Ni(n4)]2+ leads to the formation of two
chiral carbon centres giving rise to C-meso (syn Me groups)
47and C-vac (anti Me groups) isomers. Busch found that on
reduction using Pt/H^ the C-meso isomer was predominantly
formed in a ratio of 10:1 over the C-vac isomer. In our
hands, for the borohydride reduction for L 1 , ! 3 the ratio was
approximately 15:1.
With careful recrystallization from diethyl ether the
pure C-meso isomer can be obtained, as judged by 1H n.m.r.
(Figure 2.3.II) and 13C n.m.r. spectroscopy (Table 2.3.Ill)
and supported by a single crystal X-ray structural analysis
(Figure 2.4.II) .
Overall yields for the synthesis of ligands L 1 ,L 3 , L 4
based on initial diketone are approximately 20%. An improved
synthetic procedure using Cu(II) as a template, followed by
demetallation with Na 2 S, to give an overall yield of 46%
48has been recently reported by Barefield
To reduce the potential number of stereoisomers, the 
ligand L 4 was synthesised. Loss of chirality at the ortho 
carbon position reduces dramatically the possible number of 
isomers from 24 to 4. These are represented by structures 
I,II,III,IV of Figure 2.2.1 with 1 + ' now representing a 
non chiral C-H group. Structures III,IV are therefore a 
pair of enantiomers.





























Table 2.3.Ill Summary of 1 3C D.E.P.T. n.m.r. da-
for L 1-L 4 a
Carbon L 1 L 2 L 3
C15 136.05 136.24 135.90 136.23
C14, 16 120.54 120.69 120.13 120.26
C2, 12 58.99 65.11 59. 17 54. 32
C 6 , 8 45.66 54.79 54 .63 56.11
C4, 10 43.82 51 .80 44.56 46 .47
C7 (N) - 42 . 53 41.13 40.73
C3(N) , 1 1 (N) - 39.28 - -
C5, 9 28. 37 24.57 26 .95 26 . 93
C2A, 1 2A 23.39 16. 54 23.66 -
a at 50.32MHz in CDC1., solvent ^c/ppm
C 7(N)
27
functions was synthesised in order to prevent potential
ligand oxidative dehydrogenation reactions from occurring.
The reaction of L 1.!!^ with a mixture of formic acid and
6 1formaldehyde solution gave the tri-N-methylated product 
L 2 in an essentially quantitative yield as a viscous, near 
colourless oil at room temperature. It is believed that the 
reduced capability for intermolecular hydrogen bonding of 
L 2 in comparison with the crystalline solids L 1 .H 2 0 , 
and L 1* is responsible for its physical form. The reaction 
mechanism takes place in two stages, with i) an initial 
attack by formaldehyde, followed by ii) reduction with 
formic acid^.
>NH + HCOH + H* ------- H20 + >N = CH 2 — N-CH 3 [20]
The absence .of secondary amine groups in the product was 
determined by a combination of infrared, 1H and 13'C n.m.r. 
and mass spectral techniques.
A comprehensive 1H and 13C n.m.r. study on ligands 
L 1 -L1* was carried out. Characterization by n.m.r. not only 
demonstrates the isomeric purity of the free ligands,
(Figure 2.3. II), but also aids in the elucidation of the 
structures of the metal inserted complexes. 13C D.E.P.T. 
n.m.r. spectroscopy, by distinguishing between CH,CH2 and 
CH 3 carbons has proven to be especially useful in assignment 
of the free ligands (Table 2.3.Ill) and metal inserted 
complexes (Sections 3.4 and 3.6).
28
2.4 The Single Crystal X-Ray Structure of I^.HUO
In order to confirm the proposed C-meso geometry at 
the ortho-carbon position, a single crystal X-ray structure 
was undertaken. It was also of interest to ascertain the 
conformational characteristics of the metal-free ligand to 
compare with corresponding parameters for the metal inser­
ted complexes (see Chapter 3). A crystal of size 
0.6x0.6x0.5mm suitable for X-ray analysis was obtained on 
slow evaporation of a diethyl ether solution.
Crystal Data
C 1 5 H 2 6 N 4 .H2 O, M - 280.4, orthorhombic, space group 
Pbca, a = 17.715(3), b = 14.342(4), c = 13.385(5)A;
U = 3400.7A3 , Dc = 1.095 g cm"3 , Z = 8 , F(000) = 1216 ,
- 1 0 y (Mo-Ka) = 0.66 cm A(Mo-Ka) = 0. 71 069A. At convergence
R,Rw = 0.060, 0.076 respectively for 1520 data.
Selected bond lengths and angles are given in Table
2.4.1 and two views of the free macrocycle are shown in
Figures 2.4.II and 2.4.III.
The crystal structure shows the ligand to adopt a
puckered rectangular conformation of the 14 membered ring in
order to minimise lone pair interactions between nitrogen
O
atoms. Deviations of -0.30, +0.21, -0.31, +0.39A of N(x), 
x = 3,7,11 and 17 respectively from the best least squares 
tetraaza plane illustrates the distortion from planarity of 
the tetraaza donor set. The most significant observation 
from the crystal structure is that the pyridine ring makes 
a dihedral angle of 65.6° to the least squares tetraaza plane.
29




N (1 7) - C (1 ) 1 . 337 (4)
N (17) - C (1 3) 1 . 338 (4)
C (1) - C (2 ) 1 .524 (5)
C (1 ) - C (16) 1 .397 (5)
C (2) - N (3 ) 1.486 (5)
C (2) - C(2A) 1 .-521 (5)
N (3) - C (4 ) 1 . 472 (5)
C (4) - C (5) 1 . 525 (6 )
C (5) - C (6 ) 1 . 507 (6 )
C (6 ) - N (7 ) 1 .458 (5)
Bond angles (°)
C (1) - C( 2) - N(3)
C (1) - C (2 ) - C (2A)
C(1) - N (1 7) - C (1 3)
N(17) - C (1 ) - C (2)
N(17) - C (1) - C (16)
C (2) - c  (1 ) - C (1 6)
lengths and angles 
for L 1.EUO
N (7) - C (8 ) 1 .462 (6 )
C (8 ) - C (9) 1 .498 (6 )
C (9) - C (1 0) 1 .522 (6 )
C (1 0) - N (1 1 ) 1.471 (5)
N (1 1 ) - C (1 2) 1 .482 (5)
C (1 2) - C (1 3 ) 1.519 (5)
C (1 2) - C(12A) 1.511 (5)
C (1 3) - C (1 4 ) 1.396 (4)
C (1 4) - C (1 5) 1 .384 (5)








Figure 2.4.II View of the Single Crystal X-ray
Structure of L 1
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Figure 2.4.III. View of the Single Crystal X-ray
Structure of L 1
e
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This compares with a comparable angle of ea. 5° for the 
metal inserted complexes (see Chapter 3). The solid state 
structure confirms the C-meso geometry with the ligand 
adopting structure II of Figure 2.2.1. The secondary amine 
protons of N(3), N (1 1 ) are on the same side of the macro- 
cyclic tetraaza plane as the two C-meso methyl groups with 
the proton on N(7) anti to N(3), N(11). Transannular donor
O
N-N distances of 4.024(4) and 4.895(4)A respectively are
observed for N(7)-N(17) and N(3)-N(11).
After this structure had been solved, a single crystal
X-ray structure of unsolvated L 1 was reported by Drew and 
6 3coworkers . This shows the ligand adopting structure I 
of Figure 2.2.1 with all three secondary amine protons on 
the same side as the CMe groups. Torsion angles around 
N (7)• therefore differ with -60.2° for C (4) C (5) C(6 ) N(7) and 
-68.7° for C( 6 ) N(7) C( 8 ) C(9) compared to +55.3° and +171.4° 
for the respective corresponding torsions for our structure. 
Drew found that the conformation of the macrocycle with 
structure I is considerably more planar with a maximum
O
deviation of 10.08A for a nitrogen donor group from the best 
least squares tetraaza plane; the pyridine ring makes a 
dihedral angle of 49.2° to this plane. The water molecule 
associated with our structure forms hydrogen bonds to N(3) 
and N (1 1 ), (but not N(7)) which presumably influences the 
conformation'obtained. No intermolecular hydrogen bonding 
is observed in comparison to the structure of C-rac-HMC.H 2 0 , 
where weak inter- (and intramolecular) hydrogen bonding was
4- J 54noted.
Drew notes that from Molecular Mechanics calculations
33
6 3that L 1 is not at its lowest energy conformation 
Differences between the six possible conformations are at 
maximum 2.5kJ mol . This small value would be expected 
considering the flexibility of the 14 membered ring which 
allows for the facile interconversion about the secondary 
amine nitrogen donor atoms.
It therefore seems likely that the conformation of the 
free macrocycle is a low energy form and that the conformations 
observed for the metal complexes in Chapter 3 are higher 
energy forms due to the demands of metal coordination.
34
Infrared spectra (4000-250 cm ) were recorded on a 
Perkin-Elmer 598 spectrometer using the KBr disc method.
1H n.m.r. were obtained on Brucker WP200 and WH360 
instruments operating at 200.13 and 360.13MHz respectively. 
13C D.E.P.T. n.m.r. were recorded at 50.32MHz using the 
Brucker WP200 spectrometer. Electron impact mass spectro­
metry was carried out using a Kratos MS902 spectrometer. 
Microanalyses were preformed by the Chemistry Department, 
University of Edinburgh. Melting points (uncorrected) 
were determined with a Kofler hot-stage microscope.
Reagents
All solvents were purified according to standard 
procedures 6 5 . 2,6 -Diacetylpyridine 4-methyl-
4-aza-heptane-1,7-diamine (Aldrich) and 4-aza-heptane-1,7- 
diamine (Fluka) were used as supplied without further 
purification. 2,6 -Pyridinedicarbaldehyde was synthesised
by selenium dioxide oxidation of 2 ,6 -pyridinedimethanol.
A typical preparation of one of the free ligands, L 1.^©,  
is given below.
C-meso-2,1 2-dimethyl-3,7,11,17-tetraazabicyclo[11,3,1] — 
heptadeca-1,(17),13,15-triene monohydrate, I^.H^O
The nickel mediated template condensation of 
2 ,6 ~diacetylpyridine an(  ̂ 4-azaheptane-1 , 7-diamine
forming the tetraaza diimino unsaturated macrocycle pre­
cursor [Ni (n4)] (C104 ) 2 was prepared by the method of Karn
2.5 Experimental
— 1
and Busch in 56% yield. [NiL1 ](CIO^)^ was prepared by 
borohydride reduction of [Ni (n4) ] (Cl©4) 2 . [Ni (n4) ] (C1C>4 ) 2 
(11.60 g, 0.023 mol) in methanol (300 c m 3) was heated to 
60°C. A slow addition of sodium tetrahydroborate (2.13 g,
0.056 mol) over 1 hour was followed by stirring for 3 hours 
at 60°C. A slow addition of 60% HCIO^ and cooling overnight 
to 0°C gave [NiL1] (C10^ ) 2 as orange crystals [Yield 5.6 g,
0.011 mol (48%)] .
Removal of Ni^+ from the ligand L 1 was achieved with 
aqueous cyanide. A solution of [NiL1] (C10^ ) 2 (3.00 g, 5.77 
mmol) in water (120 ml) was heated to 80°C and KCN (2.25 g,
0.035 mol) added. After stirring for 1 hour the solution was 
made strongly basic with KOH (4.5 g). On cooling the solution 
was extracted with chloroform (15*10 ml) and dried (MgSO^).
The extracts were evaporated to dryness to give a pale yellow 
oil and redissolved in diethyl ether ( 2 0 ml) from which crystals 
of the C m&eo isomer were obtained by slow evaporation.
Yield:- 1.28 g, 4.56 mmol, (79%)
M.pt. 85-88°C, M + (electron impact) = found (calculated);
262 (262)
Analysis: Required for 5H26N 4*H20:
C 64.25 H 10.06 N 19.98%
Found C 64.26 H 10.08 N 20.15%
Infrared: v =3280 (N-H stretch), 3048, 1591, 1572 cm ” 1max
(pyridyl)
1H nmr. 5„[CDC10 ] 7.47(1H, t, py-ZT, J=7.6Hz); 6.93(2H, d,ri J
-py-tf, J=7.6Hz) ; 3.67 (2H, q, CffCH3 , J=6.7Hz); 2.70(2H, d of t,
J= 11.3, 3.5Hz); 2.59(2H, d of t, J=11.9, 4.6Hz); 2.42(2H, d of 
t, J =11.1, 4.3Hz); 2.30(2H, d of t, J=11.1, 3.5Hz); 1.68(4H,




C-meso-2,7 , 12-trimethyl-3,7,11,17-tetraazabicyclo[11,3,1]- 
heptadeca-1(17),13,15~triene monohydrate, L s.H^O
This was similarly prepared using 4-methyl-4-azaheptane-
1 ,7-diamine as the precursor linear triamine.
M.pt. 77-80°C M + (electron impact) 276(276)
Analysis: Required for . 1^0:
C 65.27 H 10.27 N 19.03%
Found C 65.56 H 10.22 N 19.12%
I.r.: v =3286 (N-H stretch), 3059, 1590, 1571 cm  ̂ (pyridyl) rricix
1H n . m. r . 5„[CDC1.J 7.49(1H, t, py-ff, J=7.6Hz); 6.90(2H, d,n J
py- E, J=7.5Hz); 3.64(2H, q, CffCH3 , J=6.7Hz); 2.54(2H, s,
m )  7 2.30 (8 H , m) ; 1.99(3H, s, N-Cff3); 1.65(4H, m) ; 1.34(6H, d,
CHCF3 , J=6.7Hz ) .
7-Methyl-3,7,11,17 -tetraazabicyclo[11,3,1]heptadeca-1 (17) ,13,15 
triene, L *4
The free ligand was prepared in a similar manner using
2,6 -pyridinedicarbaldehyde and 4-methyl-4-azaheptane-1,7-diamine 
as the respective source of dicarbonyl and triamine.
M.pt. 82-85°C M + (electron impact) = 248(248)
Analysis: Required for C -|4H 24N 4 :
C 66.70 H 9.74 N 22.56%
Found C 66.67 H 9.76 N 22.13%
I.r. v =3300 (N-H stretch) 3030, 1593, 1574 cm 1 (pyridvl) max
XH n.m.r. 6„[CDC1,] 7.49(1H, t, py-ff, J=7.6Hz); 6.95(2H, d,H J
Py-ff, J = 7 .6 Hz) ; 3.82 (4H, s, CCff2 N) ; 2.90(2H, s, NH) ; 2.50(4H, 
t, J=5.7Hz); 2.33 (4H, t, J=5.8Hz); 2.01 (3H, s, N-C2?3),




The ligand was prepared by N-methylation of L 1 .H20
6 1with a formic acid/formaldehyde solution . L 1 .H2 0
(0.24 g, 8.5 mmol) was refluxed for 24 hours at 90°C, in 
98% formic acid (3 ml.)/40% formaldehyde (8 ml) under nitro­
gen. On cooling to room temperature 15% NaOH (17 ml) was 
added giving a pH of aa.10. Extracting with chloroform 
(8x 8 ml), drying (MgSO^), removal of the solvent and re- 
crystallizing from diethyl ether gave a colourless oil.
M+ (electron impact) = 304(304)
I.r. v =3060, 1 588, 1 575 cm "* (pyridvl) max
1H n .m.r. 6_[CDC1,] 7.54(1H, t, py-tf, J=7.6Hz); 7.09(2H,n. J
py-ff),d, J=7.7Hz); 3.68(2H, q, C#CH3 , J=6.5Hz); 2.50(4H, 
m); 2.31(6H, s, N-C53); 2.17(4H, m ) ; 1.94(3H, s, N-Cff3);
1.44(4H, m, CH 2 -Cff2 -CH2); 1.39(6 H , d, CHC53 , J=6 .8Hz).
C H A P T E R  3
Insertion of the Platinum Metals 
into 2,6-Pyridyl Tetraaza Macrocycles
38
Introduction
3.1 General Methods of Synthesis
3.1.1 Template reaction
For a metal centre to act as an effective template 
its properties must include (i) kinetic lability, (ii) the 
ability to direct the mechanism to cyclic rather than oligo­
meric or polymeric products, and (ii) the ability to 
stabilize the macrocycle once formed. These criteria are
met for the first row transition metals such as Ni(II),
6 6Cu(II) and Zn(II) . However, due to their relative kinetic 
non lability, second and third row platinum group metal ions 
are generally considered to be poor centres for template 
macrocyclic synthesis.
The template condensation of the platinum metals with 
1 ,2 -dicycanobenzene or o-cyanobenzamide at elevated tempera­





L M = R u (n i), Rh(ID)
39
h2t p p h2o e p
H 2 Pc (22)
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This method of synthesis has been extended to use a-amino- 
benzaldehyde to prepare the Pt,Pd complexes of the 16
However, few other examples of platinum metal mediated 
template reactions have been reported. Using Ru(III) as
under mild conditions by refluxing 2 ,6 -diacetylpyridine
with m e r [Ru(N^)Cl^], (N^ = 4-azaheptane-1,7-diamine) in
aqueous ethanol. In view of its importance to the synthesis 
of new platinum metal tetraaza macrocycles, we initiated our 
study by trying to reprepare the ruthenium species 
[Ru(n^) and also to extend the range of metals
utilized in template reactions to include other platinum 
metals.
3.1.2 Metal Insertion Reactions
The most successful preparations of platinum metal 
macrocyclic complexes generally employ metal insertion 
reactions into a preformed free ligand. The rate of metal 
insertion however is often slow. These problems are further
6 7membered macrocycle, (2 2 .).
ir + MClf
template Poon and C h e ^  claimed to have prepared a Ru(II) 
pyridyl tetraaza macrocyclic complex, [Ru(n^) (H2 0) 2 ] 2 + /
41'
aggravated on attempted insertion of the third row metal
ion due to their enhanced kinetic inertness over their
second row analogues^
Rh(III) has been inserted in high yield into saturated
70-7?tetraamxnes or rung size varying from 1 2  to 16 , and
a range of 14 membered tetraaza macrocycles with varying
OO 7 h *7 Cligand saturation and substitution on ring carbons 
e.g. trans[Rh(12)(Me)I], cis [Rh(24)Cl 2 ]+ , cis or tvans- 
[ R h i U C ^ l  , L = cyclam, C-meso-or C-rac-HMC.
(21)
To date, only one literature report of the corresponding
7 6d 6, Ir(III) complex has been published. Poon , prepared 
in moderate yields c i s [Ir(L)X2] t L = HMC or cyclam,
X = B r ,Cl by a controlled rate of addition of an alcoholic 
solution of L to refluxing K 2 [IrXg] in methanol or ethanol. 
In the same manner Poon has produced a reliable method
42
of inserting Ru(III) to form tvans [Ru(L)X2]+ , L = cyclam,
TMC, HMC, X = Br,Cl by controlled addition of L to refluxing
k 2 [Ru x 5 (h 2o )]7 7 '7 8 .
By controlled electrochemical and chemical oxidation of
the TMC product, the ruthenium IV , 7 9 V 8 0 and VI8 1  species
tvans [Ru (TMC) (0) (CH^CN) ] 2* tvans [Ru (TMC) (0) 2] 2 f/+ have been
isolated. The authors noted difficulties in the synthesis
of Ru(II) tetraaza macrocyclic complexes; on reduction of
the Ru(III) cyclam species they were unable to isolate stable
Ru(II) products, decomposition was attributed to ligand
77oxidative dehydrogenation . Similarly Os(III) was
inserted in low yields forming tvans [Os(L)X2]+ by reacting
2- 4 9[OsXr] with L in methanol, L = eyelam , TMC, X = Cl,Br. b
For the cyclam complex oxidative dehydrogenation was noted 
as a competing side reaction. H2°2 oxi^at;i-on °f the TMC 
product gives tvans [Os(VI)TM C (0)2]+ in a similar manner to
O Oruthenium . This complex can be electrochemically reduced
8 3to produce a rare example of a stable Os(V) product
A greater number of Pd tetraaza macrocycles have been
prepared than Pt, although in both cases examples are vastly
outnumbered by their square planar Ni analogues. The square
planar [Pd cyclam]2+ and octahedral [Pd(IV)(cyclam)Cl2]2+ have
84been prepared and structurally characterized . The fully 
inserted Pt analogues are to date unreported.
Kimura8 5  has recently isolated a platinum complex of 





Gentle warming for 6 hours of [H2 (25)] with K^PtCl^ 
in water in the presence of the reducing agent Na 2 S2 C>2 .5 H 2 0  
gave the neutral species [Pt(25)] in high yield. Without 
the reductant complexation to the kinetically inert Pt(II) 
centre is dramatically reduced.
Using syntheses often analogous to those described above, 
an attempt to systematically insert the platinum metals into 
L 1 -L1< to form new platinum metal-non porphyrinoid analogues 
was undertaken. It was expected that insertion of the 
platinum metals into the pyridyl ligands would proceed more 
efficiently than into a 'cyclam' type analogue due to the 
greater nucleophilic nature of the pyridyl function over a 





6 8Poon and Che have reported the synthesis of a 
macrocyclic Schiff base complex formulated as [Ru(II)(n4 )- 
' t26] in 65% yield by condensation of 2,6-
diacetylpyridine with m e v [Ru(N^)Cl^], (N^ = 4-aza-heptane,
1,7-diamine) in aqueous ethanol.
Results and Discussion
The assignment of a Ru(II) macrocyclic complex was 
based only upon magnetic, uV/vis and elemental analysis 
data. in view of the potential significance for a general 
synthetic route to platinum metal macrocycles a thorough 
investigation of the unusual reaction was initiated.
Repeated attempts to resynthesise the compound by the 
published procedure outlined above were unsuccessful. Solids 
isolated from the preparation gave bands in the infrared
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spectrum assignable to and stretching vibrations
of non-cyclised products. Attempted template reactions
around [Ru(CH3 CN) 4 C12] or K 2 [RuC15 (0H2)] respectively led, 
in our hands, to products involving incomplete macrocyclic 
condensation. It is believed that intermediates with 
strong metal-nitrogen bonds are formed, their non-lability 
inhibiting the possible ring closure step.
ii. Metal Insertion Reactions
With the failure to isolate macrocyclic products by
template methods, insertion reactions of Ru(II) into the
pyridyl macrocycle L 3 were attempted. Initial experiments
using tvans [Ru(CH^CN)^Cl2] suggested that lengthy reflux
times in high boiling point solvents were required for metal
insertion. A product with a poorly resolved infrared
spectrum was isolated from the reaction of trans [Ru (CH^CN) 4.C1 2]
with L 3 using 2-ethoxyethanol as solvent. Of note was a
- 1medium intensity band at 1943 cm suggesting terminally
bound carbonyl, presumably derived from the solvent which
is a known carbonylating medium. The reaction was therefore
repeated under a CO atmosphere in various solvents. Optimum
conditions were'found on treating trans[Ru(CH^CN)^Cl2] with
L 3 in refluxing ethanol under CO for 24 hours. Further
reflux for 24 hours under N 2 gave a dark orange solution and
addition of NH.PF,- or NaBPh. yielded the corresponding salts 4 b 4
8 7Of [Ru(II)L3 (CO)Cl]+ in up to 60% yield . Infrared, con­
ductivity and f.a.b. mass spectral evidence suggest the above 
stoichiometry (vc = 0  = 1930, v (Ru_cl) = 301 cm"1; 1:1 elec­
trolyte in CH 3 N02 ; [1 0 2Ru L 3 (CO)Cl]+ M(calculated) 441,
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No attempt was made to prepare complexes with ligands
L1, L 1* although it would be expected that complexes of
similar stoichiometry to[RuLs (CO)Cl]+ could be prepared.
8 8The higher basicity and added steric bulk of the tertiary 
amine functions of L 2 are factors that contribute to the 
failure to prepare [RuL2 (CO)Cl]+ by an analogous route.
3.2.2 The Single Crystal X-ray Structure of o-is \ RuL 3 (CO) C11 -
A single crystal X-ray study was undertaken on a red- 
brown plate (0.5x0.34x0.07mm), obtained from slow evaporation 
of a nitromethane solution in order to confirm the stereo­
chemistry about the ruthenium centre.
Crystal Data
C^ 7 H 2 gClN4 ORu+ .C 2 4 H2qB , M = 760.2, triclinic, 
space group Pi", a = 9.9854(17), b = 11.6723(22) e =
16.558(3)A , a = 72.124(19), 6 = 89.210(15), y = 82.200(15)°,
U = 1818.9A3 , Dc = 1.388 g cm“3 , Z = 2, P(000) - 792,
- 1  °y (Mo-Kct) = 5.00 cm X(Mo-Ka) = 0 . 71 069A. At convergence
R,Rw = 0.067, 0.0948 respectively for 3757 data.
Selected bond lengths and angles are given in Table 3.. 2.1 
and two views of the cation are shown in Figures 3.2.II and
3.2.III.
The structure shows octahedral Ru(II) coordinated to the
8 7macrocycle in a folded configuration . Ruthenium is 
coordinated to all four nitrogen donors of L 3, three are bound
found 441).
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Table 3.2.1. Selected bond lengths and angles (with 
e.s.d's) for f RuL 3 (CO)Cl1BPh ̂
O
Bond lengths (A)
Ru - N (1 7) 
Ru - N(3) 
Ru - N (7) 
Ru - N (1 1 ) 
Ru -- Cl 
Ru - C 
C -0(1)
2 . 038 (8 ) 
2.116(9) 
2.138 (8 ) 
2.106 (9) 
2.422 (3)
1 . 830 ( 1 0) 
1 .167(13)
Bond angles (°)
Cl - Ru - N (1 7) 85.9 (2)
Cl - Ru - N (3) 8 6 . 6  (2 )
Cl - Ru - N (7) 179.2 (2)
Cl - Ru - N (1 1 ) 87.5 (2)
Cl - Ru - C 8 8 . 6  (3)
N(17) - Ru - N (7) 93.4 (3)
N (1 7) - Ru - C 174.4(4)
N (3) - RU - N (1 1 ) 159.3 (3)
Ru - c - 0 (1 ) 175.2(9)
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Figure 3=2.11 View of the Single Crystal X-ray Structure
of [RuL3 (CO)Cl]+
View of the Single Crystal X-ray
Structure of [RuL3 (CQ)Cl] +
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equatorally; Ru-N(3) = 2.116(9), Ru-N(11) = 2.106(9),
O
Ru-N(17) = 2.038(8)A, and the fourth donor, N(7), is bent
O
away to bind in an axial position, Ru-N(7) = 2.138(8)A.
Mutually ais chloro and carbonyl ligands, Ru-Cl = 2.433(3),
O
Ru-C = 1.830(10)A, complete the essentially octahedral 
coordination around Ru. The CO ligand is tvans to the pyridyl 
N (17) donor and the Cl is tvans to N(7), <N(17)-Ru-C = 
174.4(4)°, <C1-Ru-N(7) = 179.2(2)°. The Ru atom lies
O
0.098A out of the triaza plane defined by N(17), N(3),
N (11) towards N(7). The best least squares plane of the 
pyridine ring makes a dihedral angle of 7.9° to this 'RuN^ 1 
plane.
The ois chloro carbonyl moiety represents a coordination
mode not previously observed for ruthenium macrocycles,
although related species have been proposed, but not confirmed,
8 9for ruthenium phthalocyanine ‘or porphyrin complexes . The 
moiety is not unique for ruthenium-nitrogen donor chemistry 
as the well established ais Ru(II) 2,2 1 -bipyridyl, (bipy),
complex [Ru(bipy ) 2  (CO)Cl]+ has been structurally character-
• -.90lzed
3.2.3 Discussion
The folded macrocyclic conformation found in the solid 
state structure of [RuL3 (CO)Cl]+ may be explained by con­
sidering the 'fit' of the metal ion into the cavity of the
91planar macrocycle. Nelson and coworkers calculated that
O
metal ions of ionic radius 0.84A or less would 'fit' into the 
more rigid unsaturated macrocycle n^ without any distortion of 
the macrocycle from planarity. Octahedral Ru(II) of ionic
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radius 0.78A , would therefore be expected to be accommo­
dated into the more flexible derivative of , L 5, without 
distortion from planarity. This fact suggests that the 
folded structure observed may represent the kinetic rather 
than the thermodynamic product of the reaction.
The mechanism of the reaction is uncertain. On repeating 
the synthesis under equivalent conditions but substituting N 2 
for a CO atmosphere gave no pure isolatable products. This 
observation demonstrates the importance of tt acceptor ligands
such as CO in the formation and stabilization of Ru(II) tetraaza
93macrocyclic complexes. Taube and Walker prepared an air 
stable Ru(II) cyclam complex of stoichiometry 
[Ru (cyclam) PPh^Cl] Cl. E^O using [RuC12 (PPh^) as the source 
of Ru(II) .
One example of the use of ruthenium(II) carbonyl complexes
in catalysis is illustrated by the catalysis of the Water Gas
Shift Reaction by [Ru(bipy)2 (CO)Cl]+ (bipy = 2,2'-bipyridine)
9 4 9 5
' . The Water Gas Shift reaction [27]
CO + H20 -> C0 2 + H 2 [27]
catalysed by transition metal complexes in alkaline media 
has been suggested to involve nucleophilic attack of OH or 
H20 on the carbon atom of the M-CO moiety giving a hydrox- 
carbonyl complex [28]. Thermal decarboxylation of [28] pro­
duces C0 2 and a metal hydride [29] which subsequently reacts 
with protons and water evolving H2 -
Ru-CO + oh" -> Ru-COOH /y ' ' [28]




All the proposed intermediates have been detected by Tanaka
95 +and coworkers using a i s [Ru(bipy)2 (CO)Cl] in mild alkaline
conditions.
No assessment of the potential catalytic properties of 
[RuL5 (CO)Cl]+ by the detection of intermediates such as 
[28] and [29] has to date been initiated.
3.3 Osmium
3.3.1 Synthesis
To date, no osmium tetihaza pyridyl macrocycles have been 
successfully synthesised. An attempt to insert osmium in an 
analogous manner to that used in the successful insertion of 
ruthenium was undertaken. Refluxing (NH^)^ [OsClg] with L 1 
under CO in ethanol for 24 hours resulted in a yellow green 
solid precipitating from a dark orange solution. The product, 
which is insoluble in all common solvents has bands at 1603
_  iand 1574 cm due to the coordinated macrocycle. No bands 
from coordinated carbon monoxide were observed but a strong
_  iv(Os-Cl) band is seen at 314 cm . Solubility data in
combination with elemental analysis figures suggest a polymeric
formulation. Repeating the reaction using methanol as solvent
resulted in a similar orange solution. On work up of the
solution dark brown decomposition products were obtained.
Very recently an example of an osmium(III) tetraaza
8 2 8 3macrocycle, tvans [Os(TMC)Cl ]+ has been prepared by Che '
The synthetic procedure described above was used although tin 




Rhodium-mediated template reactions were attempted using 
RhCl3 .3H2 0, [Rh(CH^CN)^Cl2]+ or [Rh(H2 0)g]8+ in an analogous 
manner to those described for ruthenium. Using RhCl3 .3H2 0, 
an isolated product was proven to be the intermediate 
[Rh(N^)Cl^1 (N^ = 4-aza-heptane-1,7-diamine) by microanalytical
and infrared analysis. No evidence for a further reaction 
with 2 ,6 -diacetylpyridine to form the pyridyl
macrocycle was obtained on further reflux. The d 8, Rh(I) 
centre would be expected to behave as a more effective tem­
plate for these reactions than d 6 , Rh(III). With the success 
of metal insertion reactions of Rh(III) into the free ligands 
Ln (see below) its feasibility was not persued.
ii. Metal Insertion Reactions
Rhodium(III) complexes with L 1 -L 4 were prepared by 
addition of a methanolic solution of RhCl3 .3H20 to a refluxing 
solution of the respective free ligand. A solution colour 
change from pale red to yellow/orange occurs over a period 
of 4 hours. On addition of NH^PFg pale yellow solids of 
stoichiometry [RhLnCl 2 ]PF6 were isolated in yields ranging 
from 60-80% after recrystallization from methanol. A com­
bination of spectroscopic evidence suggested the above 
stoichiometry eg., [RhL XC12] PFg. F.a.b. mass spectrum 
[x°SRhL 1 Cl2]+ , M (calc) 436 (found (435)); [1 0 5 RhL 1 Cl]+ ,
400(400); [RhL1]+ , 365(363); 1:1 electrolyte in CH 3 N0 2 ; 86
i .r . pyridyl v(C=C), (C=N) = 1600, 1580,v(Rh-Cl) = 338 cm 1.
3.4 Rhodium
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3.4.2 The Single Crystal X-ray Structure of [RhL2Cl ,̂]pf^
In order to confirm the stereochemistry and ligand con­
formation of the complex and in view of the paucity of Rh(III) 
tetraaza macrocycles that have been characterized crystallo- 
graphically a single crystal analysis was undertaken. A 
yellow plate (0 .5x0.2 x 0 .1 mm) suitable for a structural 
determination was obtained by slow evaporation of a nitro- 
methane solution.
Crystal data
C 18H 32Cl2N 4Rh+'PF6~ ' M = 6 2 3  '2 ' triclinic, space groupO
PI, a = 7.949(7), b = 11.067(12), c = 14.116(13)A, 
a = 74.22(8), 8 = 86.36(7), y = 84.67(8)°, V = 1188.7A3 ,
Dc = 1.741 g cm 3 , Z = 2, P(000) = 632, y(Mo-Ka) =
- 1  °11.2 cm , X(Mo-Ka) = 0.71069A. At convergence R,Rw =
0.065, 0.081 respectively for 2292 data.
Selected bond lengths and angles are given in Table 3.4.1 
and two views of the cation are shown in Figures 2.4.II and
3.4.III.
The structure shows that the rhodium atom is octahedrally 
coordinated with two tvans dichloro ligands (Rh-Cl = 2.343(3), 
2.350(3)A) and four equatorially bound N donors (Rh-N =
O
2.138(9), 2.141(9), 2.164(9) and 1.967(8)A of the planar 
macrocycle completing the coordination.
All three of the macrocyclic NMe groups are on the same 
side of the macrocyclic plane with the two CMe groups on the 
opposite side (Figure 3.4.II). With the two propylene 
chains forming symmetry related 6 membered chair configurations, 
these three features combine to minimise methylene and methyl
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Table 3.4.1. Selected bond lengths and angles (with 
e.s.d's) for [KbL2 Cl^1PF^
Bond lengths (A)
Rh - N (1 7 ) 
Rh - N (3) 
Rh - N (7 ) 
Rh - N (11) 
Rh - Cl (1 ) 
Rh - Cl (2)




2. 343 (3) 
2. 350 (3)
Bond angles (°)
Cl(1) - Rh - N (1 7 ) 86.77(25)
Cl (1 ) - Rh - N (3) 91.26(24)
Cl (1 ) - Rh - N (7) 89.05(25)
Cl (1 ) - Rh - N (11) 91 .42 (24)
C1(1) - Rh - Cl (2) 175.53(11)
N(3) - Rh - N(11) 164.7 (3)
N<7) - Rh - N (17) 175.8 (3)
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Figure 3.4.11= View of the Single Crystal X-ray
Structure of [RhL2Cl^]+
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Figure 3.4.III. View of the Single Crystal X-ray
Structure of [RhL2C.l̂ ]f
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group interactions. One other example of a tri-N-methylated
48pyridyl macrocycle has been structurally characterized 
Barefield has reported the same ligand configuration with 
the N-bound methyl groups on the same side for [Ni(30)]^+ 






Coordination around the rhodium is only approximately 
octahedral as shown by N-Rh-N and Cl-Rh-Cl interatomic 
angles of 164.7(3), 175.8(3) and 175.53(11)° respectively.
O
However, the rhodium atom is only displaced by 0.01A from 
the best least squares tetraaza plane. Distances of 
relevant atoms from this plane are: Rh -0.01, N(3) -0.06;
O
N (7) 0.05; N (11) -0.06; N(17) 0. 075A. The MN 4 atoms are
therefore considerably more planar in [RhL2 Cl2]+ than
O
C meso [NiL1] (CIO^^ in which nickel deviates by -0.09A and
O
nitrogen between -0.08 and 0.11A from the best tetraaza
n 96  plane
To encompass the rhodium ion little sign of distortion
N -M e
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of the macrocycle is noted. No increase in macrocyclic 
bond lengths or angles of L 2 when compared, with comparable 
parameters of L 1 are observed. To accommodate the octa­
hedral geometry of Rh(III) the pyridine ring of L 2 makes a 
dihedral angle of 6.06° to the best least squares tetraaza 
plane in comparison to the 65.6° found for the free ligand 
structure L^.I^O.
3.4.3 NMR Studies
On obtaining analytically pure samples of [Rhl^C^]*,
1H n.m.r. studies indicated in all cases that a mixture of 
isomers in varying amounts was present. A further inves­
tigation of the ligand isomers was studied utilizing 15C 
D.E.P.T. n.m.r. spectroscopy. From 15C D.E.P.T. n.m.r. 
experiments the free ligands L 2 ,L 1* show the expected 
respective 9 and 7 resonances due to non-quaternary carbons 
of the ligands (Table 3.4.IV). On insertion of Rh(III) into 
L 4 forming [RhL^C^l r four resonances for each carbon C(5) 
and C (14) are present in CD^NC^ due to the presence in 
solution of all four possible isomers. From integration 
(of carbon atoms with assumed similar relaxation times) for 
the four species an approximate ratio of 5:2:2: 1 was 
determined for its isomeric composition. At other unique 
carbon centres overlapping chemical shifts reduce the 
number of resonances observed. Analysis of [ R h l / C ^ ^  by 
1H and 13C D.E.P.T. n.m.r. in CD^NC^ however shows that not 
all the expected six configurational isomers are present.
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One symmetric isomer is present in greater than 90% 
abundance, as judged by 1H n.m.r. integration of the NMe 
protons. The steric bulk of the four extra methyl groups
at C (2) , C (12) and N(3), N(11) of L 2 when compared with L 1* 
is suggested to impose a preferred ligand stereochemistry.
For L 2,]^ it is tentatively proposed that the major species 
present in solution is the symmetric species with all NH or 
NMe groups on the same side of the macrocycle. For L 2 ,
C-meso CMe groups anti to the tertiary amine groups are also 
predicted from steric arguments. This conclusion has been 
supported by the single crystal X-ray structure of 
trans [RhL2 CI 2 ] PFg (Figure 3.4.H).
3.4.4 Electronic and Infrared Spectra of [RhLnCl 2 l+ Complexes
Cis 'and trans isomers have been differentiated from
analysis of the electronic spectra of octahedral rhodium(III)
tetraaza macrocycles with ring size varying from 12-16 members.
Fourteen membered rings have been shown to form both cis and
trans isomers whereas 12,13 and 15,16 membered rings form only
cis and only trans isomers respectively”̂ .  Differentiation
is possible due to the higher extinction coefficients and
a shifting of the lowest energy band to lower wave length
for the cis complex when compared with the trans isomer.
For octahedral Rh(III) there are two spin allowed transitions
Vi (1 Tig+-1 Aig) and v 2 ( 1T 2 g+-1 Aig) . In general the complexes
trans[RhLC^J + where L = a tetraamine or tetraaza macrocycle,
have Vi in' the range 406-411 nm (e75-120) and v 2 in the range
3 -1 -1310-340 nm (e=80-160 dm mol cm ). For cis complexes v x
3 _i _ i  7 0 7 5  ranges from 350-360 nm (e200-250 dm mol cm ) ' . The
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complexes [RhL1̂ ^ ] * ,  n = 1-4, resemble those of previously- 
reported tetraamine complexes. The Vi band at 406-41 1 nm
3has however a larger extinction coefficient (e=120-150 dm 
- 1 - 1mol cm ) than simple amine or fully saturated macrocycles.
A high energy ligand-KRh charge transfer band is also
observed in the range 260-270 nm (Table 3.4.VI). Evidence
for both cis and tvans isomers is observed for L 1* , the
ligand with least steric crowding. Separate samples isolated
from different preparations showed not only the characteristic
vi band at 404 nm (e=126) of the tvans complex but a higher
intensity band at 372 nm (e=250) assigned to the ois complex.
Further evidence for the ois assignment was obtained from
the far infrared spectrum. Two strong bands at 302 and 
-1245 cm may be assigned tentatively to Rh-Cl stretching
97vibrations predicted for a ois ML^X 2 complex . The far 
infrared spectrum of the rhodium complexes with ligands 
L 1 -Llt all have a single moderately strong band at o a . 350 cm 
consistent with a tvans structure. The reduction in the 
in-plane ligand field is witnessed by a shift of oa. 2 0 nm 
for the ViV 2 bands to lower energy for the Rh complex of L 2 
when compared with Ln n = 1,3,4. A shift in the lowest 
energy band of the palladium complex [PdL2] of 
approximately the same magnitude is also observed when com- 
pared with [PdL ] , n = 1,3,4 (Section 3.9).
3.5 Iridium
3.5.1 Synthesis
In comparison with rhodium macrocycles of which several
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examples are now known, only one method of synthesis of
an iridium tetraaza macrocycle has been described in the
76 +literature . Poon and coworkers prepared eistlrLX^] ,
L = HMC or cyclam, X = Br,Cl by a controlled rate of addition
of an alcoholic solution of L to refluxing K 0 [IrX,] inA b
methanol. It is well established that the synthesis of 
Ir(III) amine complexes are not straightforward and yields 
are often low due to substitutionally inert starting 
materials and competing hydrolysis and redox side reactions.
We therefore utilized long reflux times under vigorous con­
ditions in attempts to prepare Ir(III) pyridyl macrocycles.
Reaction of IrCl^.xH^O with L 4 in a refluxing aqueous 
ethanol solution for 72 hours allowed the isolation of a pale
brown solid in moderate yield (36%) on addition of PFr
6
counter anion. The spectacular feature of the infrared
- 1spectrum is a very strong sharp band at 2138 cm assigned
as an iridium hydride stretching vibration, Iridium
hydride stretching vibrations are generally found to fall
-1 97within the range 2 2 0 0 - 2 0 0 0  cm
A singlet at -22.25 p.p.m. in the 1H n.m.r. spectrum
confirmed the hydride assignment. A metal chloride stretch,
- 1
V(ir_ci) at 2 ® 3 cm in the infrared spectrum was also 
observed; this, together with elemental analysis figures, 
suggested a stoichiometry of [IrL4 (H)Cl]PFg. F.a.b. mass 
spectral data were in agreement with the proposed stoichiometry; 
[1 9 5 IrL^ (H)C1]+ M. (calc) 478 (found 478) ; [ 1 9  ̂ Irl/Cl] +
477 (476); [1 9 3 IrLI*] + 441 (438). From the above data however
the stereochemistry of the product cannot be assigned. For 
the complex [HIr(piperidine)4 C1]+ , a trans geometry has been
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assigned by analysis of the infrared spectrum with
V(ir_H) an-d v (ir_ci) stre_tching vibrations occurring at
-1 982198 and 241 cm respectively
99Jenkins and Shaw have investigated chloroiridium(III)
octahedral complexes and found that iridium(III)-chloride
- 1stretching modes were in the region 249-246 cm for trans
-1hydride but 320-303 cm for trans chloride, a ligand of
lower trans influence. For our macrocyclic product [IrL1* (H) Cl] +
- 1the v (ir_cp) stretching vibration was observed at 283 cm 
which may be consistent with mutual cfs-chlorohydrido ligands.
3.5.2 The Single Crystal X-ray Structure of [IrL1* (H) C11 PF^
In view of the fact that no Ir(III) tetraaza macrocycles 
or hydrido Ir(III) tetraamine complexes have been structurally 
characterized, and in order to investigate the proposed o%s 
conformation for the [IrL4,(H)Cl]+ complex, .a single crystal 
X-ray study was carried out. A pale brown crystal 
(0.35x0.12x0.10 mm) suitable for X-ray analysis was obtained 
by slow evaporation of a nitromethane solution.
Crystal Data
C,.HncClIrN.+ .PF,_ M - 622.0 triclinic,1 4 2 5  4 6
space group P2^/c, a = 10.028(4), b = 11.926(6) 
a = 16.539(9)A, 6 = 99.23(4)°, U = 1952.4A3 , Dc = 2.116 g 
cm“3 , Z = 4, F (000) = 1200, y(Mo-Ka) = 70.93 cm"1 ,
O
X(Mo-Ka) = 0.71069A. At convergence R,Rw = 0.0305,
0.0312 respectively for 1548 data.
Selected bond lengths and angles are given in Table
3.5.1 and two views of the cation are shown in Figures 3.5.II
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N (1 7 ) 
N (3) 
N(7)
N (1 1 ) 
Cl (1) 
H (1)
1 .952 (1 0) 
2 . 080 (1 1 ) 
2.266 ( 1 1 )
2 . 083 (1 1 ) 
2 . 393 (4) 
1.57 (13)
Bond angles (°)
Cl - Ir - N (1 7) 175.7 (3)
Cl - Ir - N ( 3) 97.2 (’3)
Cl - Ir - N (7) 89.0 (3)
Cl - Ir - N (1 1 ) 97.4 (3)
Cl - Ir - H (1 ) 98 . 1 (48)
N (1 7) - Ir - N (7) 95.3 (4)
N (3) - Ir - N (11) 164.5 (4)
N (17) - Ir - H (1) 77.6 (48)
N (7) - Ir - H (1 ) 172. 2 (48)
N (3) - Ir - H (1 ) 82. 9 (48)
N (1 1 ) - Ir - H (1) 89.7 (48)
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The structure shows octahedral Ir(III) coordinated to 
the macrocycle, L 1*, in a similar folded configuration to 
[RuL (CO)Cl] . Iridium is coordinated to all four nitrogen 
donors of L lt, three are bound equatorially,Ir-N(3) = 2. 080 (1 1 ), 
Ir-N (1 1 ) = 2. 083 (1 1) and Ir-N(1 7) = 1 . 952 (1 0)A, and the 
fourth donor, N(7), is bent away to bind in an axial
O
position, Ir-N(7) = 2.266(11)A. Mutually ais chloro and
O
hydride ligands, (Ir-Cl = 2.393(4), Ir-H = 1.57(13)A) complete 
the essentially octahedral coordination around Ir. The 
chloride ligand is trans to the pyridine N(17) donor and 
the hydride trans to N(7) , <N(17)-Ir-Cl = 175.7(3)°,
<H-Ir-N(7) = 1 72. 2(48)°. The Ir atom lies 0.09A out of the 
triaza plane defined by N(17),N(3),N(11) towards N(7), 
ie.away from the hydride. This plane makes a dihedral angle 
of 5.29° to the best least squares plane of the pyridine ring. 
The Ir-H bond was located and fully refined to a value of
O
1.57(13)A. This represents a coordination mode not 
previously observed for macrocyclic compounds, although 
macrocyclic hydrides have been proposed as intermediates in
49platinum metal insertion reactions into tetraaza macrocycles 
The hydridic trans Influence is illustrated by the exceptionally 
long Ir-N(7) bond length. A bond length increase of
O
ca.0.14A is observed due to the hydride's high trans influence 
in which it directs a large portion of the s character in the 
a bond towards itself, weakening the remainina a bonds, 
especially the trans Ir-N(7) bond. A transinfluence of 
similar magnitude is observed in the hydridopentaamine 
rhodium(III) cation, [HRh(III)(NH^)^]^+ in which an increase
and 3.5.III.
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Figure 3.5.II. View of the Single Crystal X-ray
Structure of [IrLit(H)Cl]
70
Figure 3.5.Ill View of the Single Crystal X-ray
Structure of [IrL 4 {H )C1] +
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of 0.165A is noted in the Rh-N bond length trans to the 
hydride, in comparison to the ais Rh-N bond length100.
No apparent significant intermolecular contacts up to a
O
distance of 3.2A from the hydride are found.
3.5.3 Discussion
The exceptional stability of the hydride iridium
tetraaza complex [IrL 4 (H)Cl]+ is of interest. Although
1 0 1many stable Ir(III) hydrido complexes are known , most
utilize one or more it acceptor ligands in their stabiliza- 
1 02tion . Stable hydrido amine Rh(III) complexes have also 
been prepared100, but only one example of a hydrido Ir(III) 
tetraamine complex [HIr(piperidine)^Cl]+ has been reported.
To synthesize hydrido-iridium(III) complexes most preparations 
use oxidative addition of HX, X = halide or H,to derivatives 
of Vaskas complex £ Ir(CO)Cl(ER^)2 ] (E = R =
(O(alkyl)), alkyl etc.) It is not apparent in the 
preparation of [ IrL1* (H) Cl] + if the aqueous ethanolic solvent 
is a powerful enough reducing agent to reduce Ir(III) to 
Ir(I) for an oxidative addition reaction mechanism to occur.
Several workers have postulated that the mechanism of 
preparation of R h ( I I I ) , R u ( I I I ) , 0 s ( I I I ) a n d  Ir(III ) ^ 0 ammine, 
macrocycles or related compounds involve reactive hydrido 
intermediates when prepared in basic alcoholic solvents.
0 92The Ir(III) ion has an ionic radius of 0.68A and is 
therefore sufficiently small to be accommodated in a planar 
configuration of the pyridyl macrocycle. The cis folded 
macrocyclic configuration found on insertion of Ir(III) into
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L 1* was also found by Poon on insertion of Ir(III) into
+ 76cyclam to form ois [I r ( cyclam)X] , X = Cl,Br . Poon was
unable to directly prepare the trans isomer. Experiments
preformed in strongly basic media to induce isomerization
suggested that Ir(III) amine complexes are inert to ligand
substitution and isomerization reactions.
Transition metal hydrides are important intermediates
in many catalytic reactions. Investigated extensively is
the addition of a metal hydride across an unsaturated centre.
Very often the addition is followed by elimination with
1 0 2isomerization or hydrogenation . In the presence of CO
hydroformylation reactions occur [31]. Insertion into the
M-H bond of other small molecules such as gives metallo-
103hydroperoxide species, M-OOH . The iridium macrocyclic 
species [ IrL1* (H) Cl ] + may also find relevance in the field
of catalysi-s in common with the porphyrin complexes
M = I:
35,104
2 -  2 -M(por)H, r,Rh, por = OEP ,TPP which show catalytic
activity'
H H Hy y o 1




In an attempt to insert Pd(II) into a wide range of 
tetraaza macrocycles in high yields, a variety of experimental 
conditions were employed. Surprisingly, best results were 
obtained with mild conditions. Stirring Ln , n = 1-4, in
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methylene chloride with a solution of the palladium acetate 
trimer [PdiOAc)^]^ for 24 hours allowed for the isolation 
of pale brown solids of stoichiometry [PdLn ] (PFg) 2 on 
addition of NH^PFg. Yields of up to 60% were obtained 
after recrystallization from methanol. Elemental analysis, 
infrared, conductivity and f.a.b. mass spectral evidence 
suggested the above stoichiometry, (eg., [PdL1] (PFg)2 ;
i.r. pyridyl v(C=C), v(C=N) = 1606, 1580 cm 2:1 electro­
lyte in CH 3 N02 ; [1 0 sPdL 1 (PF^)]+ M. (calc) 513 ((found)513) ,
[ 1 0 6PdL1]+ 363 , (362)) .
3.6.2 The Single Crystal X-ray Structure of [PdL1! (BPh^)^
In order to investigate the ligand conformation on 
insertion of Pd(II), the single crystal X-ray structure of 
[PdL1]^"1” was carried out. Results could then be compared 
directly with the conformation of the free ligand,
(Section 2.4). A pale brown crystal (0.38x0.13x0.10mm) 
suitable for X-ray analysis was obtained by slow evaporation 
of a methanol solution.
Crystal Data
C 15H26N 4Pd2+'B 2C48H402 M ~ 1007.27, monoclinic, 
space group P2^/a, a = 16.243(16), b = 26.035(15), 
c = 12.221(10)A, 8 = 103.13(8)°, U = 5033A3 , Dc = 1.329
J
g cm-3, Z = 4 F(000) = .2112 y(Mo-Ka) = 4.06 cm " 1
O
X(Mo-Ka) = 0.71069A.
A view of the cation is shown in Figure 3.6.1. A 
square planar geometry is observed around the Pd centre. 
Extensive disorder is observed throughout the cation
Figure 3.6.1. View of the Single Crystal X-ray
Structure of [PdL1]
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invalidating any direct comparisons with the conformation 
of the free ligand, L^.H^O. The two BPh^ anions are 
however ordered and fully located. Currently R = 0.166,
Rw = 0.172 for 1844 data. Several ligand isomers present 
in the single crystal are believed to contribute to the 
poor quality of the data.
3.6.3 NMR Studies
Characterization of the palladium complexes of Ln , 
n = 1-4, by 1H n.m.r. shows the existence in solution of
ligand isomers in varying proportions, in a similar manner to
n 52rhodium complexes of L . As noted by other workers ,
study of the pyridine region, 5n = 7.5-8.5 p.p.m., is an
sensitive probe for the analysis of isomeric products. The 
proton on the 6 carbon for L 1 ,L 5, shows in each case at least 
five doublets from a maximum of six possible configurational 
isomers. For L 1, this conclusion is supported by 13C 
D.E.P.T. n.m.r. (Table 3.6 .II) which shows five resonances 
in the range 5̂ , 120.7-119.6, characteristic of the 3 pyridine 
carbon. Other unique carbons show between two resonances 
(C15) separated by 0.3 p.p.m. and five resonances (C2A) 
separated by 4.9 p.p.m. (Figure 3.6 .Ilia).
It may be expected that the replacement of secondary 
amine protons by the more sterically demanding methyl sub­
stituents of [PdL2]^+ would impose a preferred ligand con­
formation. Inspection of the two NMe singlets, N(3)Me, 
N(7)Me in the 1H n.m.r. spectrum shows this to be the case 
with ca. 92% (by 1H n.m.r. integration) of the total due to 
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8 %) due to the presence of other isomers complete the
isomeric mixture. By extrapolating the above results,
it would be predicted that L 4 would exist as its Pd complex
as all four possible isomers. However in CD^NC^, [PdL4]^+
shows seven unique non quaternary resonances due to only one
symmetric isomer. Moore et at. has prepared the complexes
[ML4] (CIO.)2 / M = Ni,Zn. 1 3C N.m.r. studies also show seven
52resonances due to one symmetric species . Comparison of
13C chemical shift suggests that the same ligand conformation
is present for [ML4]^+ , M = Pd,Ni, as the maximum variation
of 2.5 p.p.m. is observed for equivalent carbon assignments.
It is believed that the ligand conformation has the two
secondary amine and NMe group on the same side of the macro-
cyclic plane. (Figure 3.6.IIIb).
On insertion of palladium into L 4 shifts of between
+8.0 and -2.4 p.p.m. are observed in comparison to the free
ligand (Table 3.6 .II). These magnitudes are comparable to
1 05values obtained by Nelson et at. for complexation of Pd 
with open chain pyridyl diimine complexes.
3.7. Platinum
3.7.1 Synthesis
In common with the third row metals Os,Ir, difficulties
were encountered in the synthesis of platinum metal tetraaza
69macrocycles when compared to their second row analogues 
For platinum there is not a comparable reagent to the tri- 
meric [Pd(OAc) used successfully in the synthesis of Pd 
macrocycles.
Reaction of PtCl^ in refluxing ethanol with L 1* for
60 hours allowed the isolation of a pale brown solid of
stoichiometry [PtL1*] (PF^^ in low yield (ca.5%) on addition
of NH.PF,. Reflux for an intermediate duration ( 8 hours)4 6
under similar conditions had given a pale yellow solid also
in low yield (ea.5%). Microanalysis figures were in
agreement for a stoichiometry of [PtL**Cl]PF,. Further
evidence to suggest the yellow species is an intermediate
in the formation of the fully inserted platinum macrocycle
is obtained from the infrared spectrum. In addition to
coordinated macrocyclic bands, a medium intensity band at 
- -|333 cm is assigned to a v(Pt-Cl) stretching vibration.
One possible explanation for the low yields obtained is due
to protonation of the NMe group of L 1* from the protic solvent,
as tertiary amine macrocycles have been noted to have,
8 8increased basicity over secondary amine . Reflux in the 
aprotic solvent mixture CH^CN/methylene chloride (1:1 v/v) 
for 48 hours followed by reflux in CH^CN/ethanol (1:3 v/v) for 
a further 32 hours allowed for the isolation of the fully metal 
inserted product, [PtL1*]2*, in moderate yields (ca.30%).
3.7.2 NMR Studies
The 1H n.m.r. spectrum of' [PtL1*]2* in CD^NC^ shows many 
similarities to that obtained for [PdL4]2"^ It can be 
concluded that the same single ligand conformation found 
from 13C n.m.r. studies for the Ni(II) and Pd(II) analogues 
is present for Pt(II). Shifts upfield for all resonances, 
most noticeably +0.22 and +0.56 p.p.m. for the an<  ̂ NH
resonances respectively for the platinum complex are found 
when compared with the palladium analogue (Table 3.9.II).
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3.7.3. F.a.b. Mass Spectral Studies
The technique, first described in 1981 has found use
in identification of transition metal macrocyclic com-
p o u n d s ^ ^ ^ ^ . Identification of the transition metal
macrocyclic compound is proven by the molecular ion, [ML]+ ,
or quasi-molecular ion peaks [M(LH)]+ , [M(L-H)]+ with the
expected natural abundance isotopic distribution ratios.
For [PtL1* ] (PFg>2 / one molecular fragment centred at m/z
= 443 was detected in the positive ion f.a.b. spectra using
a glycerol/dmf solvent matrix corresponding to the loss of
both PFr. anions. For the isostructural palladium complex, o
[PdL4] (PFg) 2  under equivalent conditions molecular ion peaks
corresponding to the sequential loss of PFg anions,
[PdL4 (PF,) ] + and [PdL1*]+ were observed (Table 3. 9. IV). b
Analysis of the isotopic distribution ratios for [PtL4]+
suggests that a combination of the [PtL4]+ and [Pt(Llf-H)] +
species are present, with the latter the predominant.
This species is derived from loss of HPFg from [PtL1* (PFg ) ] + .
52Similar behaviour has been observed by Moore and coworkers 
for [NiL1*] (CIO^^ an<̂  similarlY assigned to loss of HCIO^ 
from [NiL1* (CIO^) ] + to form the [Ni(L*-H)]+ species.
3.8 Conclusions
The binding of platinum group metals to macrocyclic 
ligands to form stable complexes with specific labile sites 
for substrate coordination and activation is an area of great 
potential in the development of new catalytic systems.
This study has shown the feasibility of inserting Pt(II), 






























































in yields ranging from 30-80% to give the first examples 
of platinum metal 2,6-pyridyl tetraaza macrocycles. The 
isolation of the Ir(III), Ru(II) species [IrL1* (H) Cl] + ,
q "4”[RuL (CO)Cl] , may be regarded as potentially useful 
catalytic macrocyclic species from their coordination of the 
labile small molecules H and CO to metal centres.
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Fast atom bombardment (f.a.b.) mass spectra were 
obtained in glycerol/dmf matrices on a Kratos MS50TC 
spectrometer. U.v./visible spectra were recorded with 
a Pye Unicam SP8-400 spectrophotometer. Conductivity 
measurements were determined with a Portland Electronics 
Model 310 conductivity bridge. Other physical measure­
ments were carried out as in Chapter 2.
Reagents
The preparation of the free ligands L 1 -L1+ is described
in Chapter 2. Commercial ruthenium trichloride, rhodium
trichloride, platinum dichloride, iridium trichloride and
palladium acetate (Johnson Matthey pic) were used as supplied.
tvans [Ru(MeCN)4 CI 2 ] was prepared by the method of Wilkinson 
10 7et al . Selected microanalytical, 1H n.m.r., infrared 
and f.a.b. mass spectral data are presented in Tables 3.9.1,
3.9.II, 3.9.Ill and 3.9.IV respectively.
ois [Ru(II)L3 (CO)Cl]PFC
trans (Ru(MeCN)4 CI 2 I (95 mg, 0.28 mmol) was dissolved in 
dry ethanol (150 cm3) which had been purged with CO.
I^.H^O (78 mg, 0.26 mmol) was added and reflux under CO 
continued for 24 hours in which time a yellow/orange to dark 
orange colour change occured. Further reflux under ^  for 
24 hours, reduction in the solvent volume and addition of 
excess NH^PFg gave an air stable pale orange/brown precipitate 
which was recrystallized from ethanol.
3.9 Experimental
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Yield 87 mg, 0.15 mmol, (56%)
Equivalent conductivity: (of BPh^ salt), slope of
iA -A vs c plot in CH...NO =235 o e e ^ 3 2
Electronic spectrum: (in CH^CN, 900~186nm) 299 (e=2790),
281 (2600), 247 (4330) , 206 (1430 dm 3 mol ~ 1 cm"1) .
[Rh(III)L3C1 2 ]PFC
Preparation of the rhodium complex with L 3 is typical 
for ligands L 1 -L4. To a warmed solution of (105 mg,
0.36 mmol) in methanol (50 cm5) under ^  was added 
RI1CI 2 .3 H 2 O (95 mg, 0.36 mmol) in methanol (10 c m 3). On 
refluxing for 6 hours a golden yellow solution colour 
resulted. Reduction to half the solution volume and addition 
of excess NH^PFg gave a yellow powder which was recrystallized 
from methanol.
Yield 187 mg, 0.31 mmol., (8 8 %)
[Ir(III)L4 (H) Cl] PFC  6
IrCl2 -3 H 2 0  (138 mg, 0.39 mmol) and L 4 (82 mg, 0.33 mmol)
were refluxed in an ethanol (1 2 0c m 3)/water (80 cm3) mixture
for 72 hours under nitrogen. After filtration and removal
of oa.150 c m 3 a clear yellow solution resulted. Addition
of NH^PFg allowed for a pale brown solid to be isolated which
was recrystallized from methanol.
Yield oa.15 mg, 0.12 mmol, (36%).
[ P d d D L 1] (PFc ) 2
Preparation of the palladium complex with L 1 is typical 
for ligands L 1 -L4. To a solution of L 1 .H20 (50 mg, 0.19 mmol)
in dry methylene chloride, (50 c m 3) at room temperature
was added {Pd(OAc)2 }2 (43 mg, 0.19 mmol) in methylene
chloride (20 c m 3). Stirring for 24 hours resulted in a
solution colour change from yellow to pale brown. Removal
of the solvent at 0°C (vacuum line) and dissolving the
residue in methanol (20 c m 3) allowed for a pale brown solid
to be isolated on addition of excess NH.PF,.4 6
Yield 73 mg, 0.11 mmol (58%)
Electronicspectrum (in CH^CN 900-186nm) [PdL1] (PFg)2 :
21Onm (£=20,050), 267(4330), 300(1350); [PdL2](PFg)2 
206(22900), 272(3300), 310(1450); [PdL5](PF6 )2 206(22950),
267(4150), 292(1480); [PdL^ ] (PFC ) „ 21 0 (1 96 00) , 26 7 ( 3 950 ) ,b A
297(1170 dm3mol_1cm"1).
Equivalent conductivity: [PdL1] (PF^)2 slope of ^0~^e vs
plot in CH.-.NO- = 484. [PdL4] (PFr )0 = 404. e 3 2 6 2
[ P t d D L 1*] (X)2 , X = PFC , BPh^
PtCl2 (100 mg, 0.38 mmol) and L 4 (93 mg, 0.38 mmol) were 
refluxed in ethanol (200 c m 3) for 60 hrs under N 2 . After 
filtering off a substantial amount of platinum metal and 
removal of ca.160 c m 3 of solvent, a brown solid was obtained 
on addition of NH^PFg. Recrystallization twice from ethanol 
allowed for ca. 5% yield of pure product to be isolated.
An improved synthetic route employed PtCl2 (50 mg, 0.19 
mmol) and L 4 (47 mg, 0.19 mmol) in CH^CN (75 c m 3) and CH2C12
(75 c m 3). After reflux for 44 hours no pure product was 
isolated. Reflux of the residue for a further 32 hours in 
CH^CN (35 c m 3) and ethanol (75 c m 3) gave after filtration a 
clear yellow solution. Addition of NaBPh^ gave a pale brown 
powder that was recrystallized from ethanol.
Yield ca. 60 mg (30%).
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n x+Table 3.9.1. Elemental Analysis Data for [MX 1
£ II I r ,P d ,P t ,R u , n=1-4)
Complex %C %H %N
[RuL3 (CO)Cl]BPh4 63.3(64.8) 6.5 (6.4) 7.0 (7.4)
[RuL3 (CO)Cl]PFC 0 34 . 0 (34. 8) 4.7 (4.8) 9. 3(9.5)
[RhLxCl2]PF6 31.1 (31.0) 4.5 (4.5) 9.5(9.5)
[RhL2Cl2]PFg 35. 0 (34.7) 5.2 (5.2) 8.5(9.0)
[RhLsCl2]PFg 32 .0 (32. 3) 4.9 (4.7) 9.2(9.4)
[RhL1* Cl2] PFgb 30. 0 (29.7) 4.8 (4.3) 9.7(9.9)
[RhL^Cl^ PFgC 29. 4 (29. 7) 4.3(4.3) 9.5(9.9)
[IrL1* (H) Cl] PFg 25.5 (25 .6) 3.9(3.7) 8.4(8.5)
[PdL1] (PFg )2 27. 1 (27 . 3) 4.0 (4.0) 8.5(8.5)
[PdL1] (BPh4 )2 74 . 1 (75 . 1) 6.5 (6.6) 5.7(5.6)
[PdL2](PFg)2 30. 4 (30. 8) 4.7(4.6) 7.9(8.0)
[PdL3](PFg)2 29 . 3 (28.6) 4.3(4.2) 8 . 3(8 . 3)
[PdL1* ] (PFg) 2 26.3(26.1) 3.7(3.7) 8.7 (8.7)
[PtL*] (PFg)2 23 .5 (23. 9) 3.5(3.3) 8.0 (7.6)
[PtL4](BPh4 )2 67 .4 (68 . 8) 6.2 (6.0) 5.2 (5.2)
[PtL^Cl]PFg 26.3(26.9) 3.9 (3.9) 9 . 0 (9.0)
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C H A P T E R  4
Electrochemical Studies of [M(TMC)1^+ , and 
Related Tetraaza Macrocycles (M=Ni(II),Pd(II))
90
The tetraaza macrocycle TMC (1,4,8,11 -tetramethyl- 
1,4,8,11-tetraazacyclotetradecane) can be associated with 
a wide variety of oxidation states, ranging from d2 Ru(VI),
Os (VI) through to d10 Cu(I). Poon and C h e ^ ' ^ ^  prepared
the high oxidation state complexes [M(TMC) M=Ru(VI),
Os(VI). Their stability is ascribed to the two coordinating 
oxo ligands, with the TMC macrocycle acting as a protecting 
group for the metal centre. In contrast, Meyerstein and 
c o w o r k e r s ^ ^ ' h a v e  prepared the low oxidation state com­
plexes [M (TMC)]+ , M = C u (I ), Ni(I), in aqueous solution. The 
combination of factors attributed to the stabilization of the 
low oxidation state include (i) an inability for decomposition 
to occur via ligand oxidative dehydrogenation reactions,
(ii) N-alkylation considerably slows down the rate of ligand
exchange, and (iii), the weaker ligand field exerted on N-
1 1 1alkylation favours the low oxidation state
In the absence of other ligands, we argued that TMC 
should stabilize the low valent metal state. The electro­
chemistry of [Pd(TMC)]^+ and other related Pd(II) tetraaza 
macrocycles was therefore investigated, with a view to the
development of new electrocatalytic precursors for the
i 1 2reduction of small molecule substrates
The direct electrochemical reduction of many small 
molecule substrates such as CC>2 and at various metal 
electrodes has a large overpotential, which requires a 
relatively high input of energy for reduction. Therefore 
the search for electrocatalysts to mediate small molecule 
reduction at lower potentials has become an important area
4.1 Introduction
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of research . Since the initiation of this work, the 
Pd(II) porphyrins [Pd(TPP)] and [Pd(OEP)] have been found 
to display electrocatalytic activity for the reduction of
25
4.2 Stereochemistry of TMC Complexes
When TMC coordinates to four equatorial sites of a 
square plane metal centre there are 16 possible arrange­
ments for the four methyl groups either above or below the
coordination plane. These reduce to five energetically
113distinct geometries as proposed by Bosnich et at.
represented in Figure 4.2.1.
The R.S.S.R. isomer is found on N-methylation of
2+ 114R.S.S.R. [Ni(cyclam)] whereas the R.S.R.S. isomer is
1 9found on insertion of Ni(II) into the preformed ligand
1 "1 5 *116It has been suggested by several authors ' that the
R.S.S.R. isomer is the thermodynamically more stable and that
the R.S.R.S. isomer is the kinetic product, formed as it is
116the conformation adopted by the free ligand . It was
believed that interconversion between the two to form the
115 117thermodynamic isomer was not possible. Moore and Lincoln
have recently demonstrated the interconversion of the two
isomers via the R.S.R.R. isomer in strongly coordinating
solvents. In contrast, for [NiL]2+ L=cyclam, C meso or C vac
HMC,interconversion of the secondary amine protons is a
facile process in neutral or basic solution and structures
with R.S.S.R., R.S.R.S. and R.R.R.R. conformations have been
. . . -,118-120 characterxzed
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Figure 4.2.I. Diagrammatic representation of the five
main isomers of [M(TMC) n+
signs indicate that the attached CH^ groupKey: The '+' and '-








4.3 Synthesis and Characterization of [PdL] 2 + L = eyelam
H MC, TMC
Using an analogous method of synthesis to that used for 
the pyridyl macrocycles L 1-Llt (Chapter 3), palladium(II) has 
been inserted into the 'cyclam1 type ligands in yields of up 
to 86%. Pale brown solids of stoichiometry [PdL] (PF^^f 
L = cyclam, HMC, TMC, were isolated on addition of NH^PFg.
In view of the debate surrounding the isomerization and 
conformations of [Ni(TMC)] z , the configuration of
[Pd(TMC)]^+ was clearly of interest. The 1H and 13C n.m.r. 
spectra of [Pd(TMC)]^+ in CD^NC^ indicated the presence of 
only one isomer in solution with one resonance observed for 
the methyl protons (6 =2.8 p.p.m., CH„, ,12H) and for theri o
methyl carbons (6^=45.6 p.p.m., CH^). Close inspection of 
the resonances of the methylene protons could not differen­
tiate conclusively between the possible R.S.R.S. and R.S.S.R. 
1 1 2isomers . To obtain the absolute ligand configuration, 
a single crystal X-ray study on [Pd(TMC)]^+ was carried out.
4.4 The Single Crystal X-Ray Structure of [Pd(TMC)] (PF )2 *
A pale cream crystal ( 0 . 6x0. 24x0 . 1 2mmi) suitable for 




. 2PF, .CH_NO„, M —113.80, orthorhombic, 6 3 2
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space group Pna2, a = 18.325(5), b = 15.279(4),
a = 9.768(5)A; U = 2735A3 , D = 1.733 g cm“3 , 2=4,
- 1  °  F(000) = 1440, y(Mo-Ka) = 8.86 cm , X(Mo-Ka) = 0.71069A.
At convergence R,Rw = 0.0742, 0.0997 respectively for
1814 data.
Selected bond lengths and angles are given in Table
4.4.1 and two views of the cation are shown in Figures
4.4.II and 4.4.III. The Pd is coordinated in a square 
planar array to N (1), N(4) and their mirror related equiva­
lents N (11) and N(4') with the four N bound methyl groups 
on the same side of the tetraaza plane in the R.S.R.S. 
configuration (Pd-N(1) = 2.051(11), Pd-N(4) = 2.066(11)A.
The macrocycle conformation comprises of five membered 
chelate rings in asymmetric gauche, and six membered chelate 
rings in chair configurations respectively. An average
O
Pd-N bond length of 2.058A is close to the ideal value of
O
2.07A calculated for the best 'fit1 of an ion into a planar
11914 membered macrocyclic tetraaza moiety . Chelate angles 
summing to 359 . 7° support this calculation (<N (1)-Pd-N(4) =
88.0(4), < N (1)-Pd-N(1') = 92.7(4), < N (4)-Pd-N(4') - 91.0(4)°). 
The 'bite' of the chelate rings close to 86° for a five 
membered ring and 92° for a six membered ring as observed in
this structure has been found to give the minimum strain
119 °conformation . The Pd deviates by only 0.082A towards
the four N bound methyl groups from the essentially planar
tetraaza donor set (maximum deviation from the plane
O
10.003A). A deviation to below the tetraaza plane would 
introduce severe interaction between the four methyl groups. 
For the square planar R.S.R.S. [Ni(TMC)]3+ cation, a puckered
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Table 4.4.1. Selected bond lengths and angles (with 
e.s.d's) for rPd(TMC)! (PF  ̂) ̂  .CHUNO^
O
Bond lengths (A)
Pd N (1 ) 2.051 (11)
Pd N (4) 2 . 066 (1 1)
N (1 ) - C (1N) 1.512(22)
N (1 ) - C (2) 1.47 (3)
N (1 ) - C (1 4) 1.47 (3)
C (2) - C (3) 1.37 (5)
C (3) - N (4) 1.53 (4)
N(4) - C (4N) 1.471(22)
N(4) - C (5) 1.44 (3)
C (5) - C (6) 1.43 (4)
C (1 3 ) - C (14) 1.35 (4)
Bond angles (°)
N (1 ) - Pd - N (4) 88.0(4)
N (1 ) - Pd - N (1 1 ) 92.7(4)
N (1 ) - Pd - N (4 1 ) 175.5(4)










































tetraaza plane is observed with deviations of -0.201,
O
-0.192, +0.197 and +0.196A in N from the best least squares 
plane^^. Trans <N (1 )-Ni-N (4) angles of 1 68 . 2 (3), 1 69 . 0(3)° 
are a manifestation of the non planar ligand (of. <N(1)-Pd- 
N(4) = 175.5(4)°). The differences in the Ni and Pd 
structures are due to the shorter Ni-N bond lengths by an
O O
average 0.075A (Ni-N(av) = 1.983A). A puckering of the 
nitrogen donors is therefore required to accommodate the 
smaller Ni(II) ion.
The structure of [Pd(cyclam)] ^  shows the secondary 
amine groups with the R.S.S.R. configuration. Pd-N bond
O O
lengths of 2.051(5)A are only 0.007A shorter than those found 
in [Pd(TMC)]^+ , in agreement with shorter Ni-N bond lengths 
found for [Ni(cyclam)] than [Ni(TMC)]^+. ^
4.5 The Electrochemistry of [Pd(TMC)1^+
Cyclic voltammetry of [Pd(TMC)] (PFg^ in CH^CN (0.1M
TBAPFg supporting electrolyte) at platinum electrodes shows
a fully reversible reduction at E A= -1.45V vs Ag/Ag+ (AEp=
2 -165mV, Ipa/Ipc = 1.0 at a scan rate of 100mV sec ) (Fig.4.5.I). 
No oxidation to Pd(III) or Pd(IV) is seen within the range 
of the solvent up to +2.2V. Controlled potential electrolysis 
of [P d (TMC)]^+ at a platinum gauze in CH^CN at -1.55V under 
a stream of argon gas at 20°C produces a highly air sensitive, 
pale brown reactive species, the e.s.r. spectrum of which 
at 77K as a frozen glass (Figure 4.5.II) shows an anisotropic 
signal with axial symmetry gn=2.302, g^=2.076. These 
spectral features are consistent with the formation of a 




































































Figure 4.5.III Expansion of the g x1 Region of the E.S.R.
-Spectrum of [Pd(TMC)] at 77K in 
-CH^CN/0 . 1-M TBAPFg -Showing Hvperfine 
Coupling to ^O^pd
a predominantly metal based redox process is obtained by 
the observation of hyperfine coupling to 105Pd p. = 5/2,
22.2%) (Figure 4.5.III). In the g n  region the 1st, 2nd,
5th and 6th features are distinguishable allowing a coupling 
constant, A n  of 53G to be estimated. Similarly the 1st
and 6th features in the g a region are discernible giving 
the coupling constant Ai=40G. Similar spectral features 
have been observed for the isoelectronic nickel(I) complex 
[Ni(TMC)]+ . We have measured the e.s.r. spectrum of a
sample of 61N i (1=3/2) enriched [Ni(TMC)]+ at 77K and have 
observed hyperfine coupling to the metal centre with 
A n = 6 2 G  and Ai = 27G. 1 1 2 (Figure 6.3.II).
Further characterization of the palladium(I) species 
[Pd(TMC)]+ is impeded by its high reactivity in solution, the 
complex having a half life of tj — 5 minutes under the 
conditions of the electrogeneration in CH^CN at 20°C.
4.6 Discussion
Several examples of Pd complexes in the formal oxidation
1 21state of I are known. However with one exception all
characterized Pd(I) complexes are dinuclear or polynuclear
diamagnetic species with coupling of unpaired electron density
1 22to form direct metal-metal bonds . The palladium dimer
O
[Pd„ (CNCH-.) , ] (PF,)„ with an intermetallic distance of 2.53A 2 3 6 6 2
123is an extensively studied example . The first example of
1 21a Pd(I) mononuclear complex was recently reported . The 
electrogeneration of the ir complex [Pd(C^Ph^) (cod)] , (cod = 
cyclooctadiene) was confirmed by e.s.r. spectroscopy by
1 03
displaying coupling to 105Pd (A = 25G) confirming the
predominantly metal based character of the reduction.
The stability of the palladium(I) macrocyclic species
[Pd(TMC)]+ may be rationalised with reference to the TMC
ligand. It allows for the metal reduction to occur at a
moderate negative potential due to the weaker in-plane
ligand field of TMC than macrocycles including secondary
amine protons. The methyl groups are also an important
factor as decomposition routes via secondary amine proton
abstraction are blocked by N-alkylation. Potential
dimerization reactions of the radical species are also
inhibited by the steric bulk of the four methyl groups of
the ligand. A dimerization reaction for the Ni(I) tetraaza











Further stabilization of the Pd(I) oxidation state 
may therefore be achieved by substituting the methyl groups 
of TMC for the more bulky benzyl groups of tetrabenzyl 
eyelam (33).
4.7 A Comparison with other Related Pd(II), Ni(II)
Macrocycles
A series of other palladium macrocyclic complexes,
including the pyridyl macrocycles L 1-Llt were studied in
order to compare and contrast their redox behaviour with
[P d (TMC)]^+ . The corresponding Ni(II) macrocycles have
also been prepared for comparative purposes. All results
are summarized in Table 4.7.1.
The N-tri-methyl pyridyl macrocyclic complex [PdL2]^+
gave a reversible reduction at the same potential as
[Pd(TMC)]^+ . Attempts to electrogenerate [PdL2]+ were
unsuccessful due to its increased reactivity over [Pd(TMC)]+ .
The other Pd species all with two or more macrocyclic
secondary amine protons show reductions by cyclic voltammetry
2 + ?at more negative potentials than [PdL] , L=L , TMC. Several
complexes show quasi-reversible or irreversible reductions
to Pd(I) at extreme cathodic potentials. The nickel complexes
[NiL]^+ , L=L1-LI+, HMC, TMC, cyclam, show similar reductive
electrochemistry to their Pd analogues. All reductions to
Ni(I) are however fully reversible and on average 300mV
more anodic in potential than for Pd(I) for the corresponding
macrocycle L (Table 4.7.1). In contrast to their nickel (II)
analogues which show Ni(II)/(III) redox couples in the range
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macrocycl.es investigated show any oxidative activity up
to +2.2V. Octahedral, or distorted octahedral geometry
would be required for the stabilization of the Pd(III) (or
2 0 21Pd(IV}) oxidation state ' . The bis-sandwich palladium
2 + 2 + complexes [ P d H ^ l  and [PdiV^] show oxidations at
mild anodic potentials to yield Pd(III) species. The 
ability of the macrocycles (4) and (7) to adjust their mode 
of coordination in response to the oxidation state of the 
metal is essential for redox activity. The tetraaza com­
plexes [PdL]^ + , L=L1 -L**, HMC, TMC, cyclam, are restricted 





4.8 Reaction of [Pd(TMC)1+ with Small Molecule Substrates
The direct electrochemical reduction of substrates such 
as CC>2 often require large overpotentials (more negative 
than -2.0V vs S.C.E.). An indirect electrochemical reduc­
tion involving the initial reduction of a metal complex which 
subsequently binds and reduces the substrate allows potentials 
closer to the thermodynamic values to be approached"^.
A preliminary investigation of the potential electro­
catalyst [Pd(TMC)]+ with small molecule substrates has 
therefore been initiated. Cyclic voltammetry experiments 
were carried out in the presence of PR^ , R=OMe, PPh and 
the gases C^, CO, CO 2 and ethylene. CO binds strongly to 
[Pd(TMC)]+ to give a presumably transient five coordinate 
species [Pd(TMC)CO]+ . No shifts in the cathodic wave are 
observed on addition of CO to an argon saturated solution.
An anodic wave was not observed in the return scan until 
+0.20V suggesting a strong stabilization of Pd(I) in the 
presence of CO (Figure 4.7.1). Similar behavior was 
observed in the presence of P(OMe)^,PPh^; reoxidation waves 
occurring at -0.12 and -0.44V respectively. The palladium(II) 
porphyrins [Pd(por)], por = OEI? , TPE^ have been found to
display electrocatalytic activity for the reduction of CO^
33in C I ^ C ^  with oxalic acid identified as a major product
For [Pd(TMC)]^+ in CH^CN or C E ^ C ^  in the presence of CO 2
no electrocatalytic activity was observed as in both solvents
the Pd(II)/(I) redox couple remained fully reversible. A
similar result was obtained in an ethylene saturated
acetonitrile solution. The reaction of [Pd(TMC)]+ with
dioxygen is proposed to yield a Pd(II) superoxy species
[Pd(TMC)O2 ]+ , as indicated by shifts of ca. 350mV in the
dioxygen reduction wave in the presence of [Pd(TMC)]^+ .
Such superoxy species have been suggested as active inter-
1 25mediates for the epoxidation of alkenes
1 08
X band electron spin resonance (e.s.r.) spectra were 
recorded using a Brucker ER-200D spectrometer employing 
100 KHz field modulation. All e.s.r. spectra were 
measured as glasses in acetonitrile at 77K. Electrochemical 
measurements were recorded on a Brucker 310 Universal 
Modular Polarograph or Princetown Applied Research Model 173 
Potentiostat/Galvanostat with 175 Universal Programmer 
equipment. Cyclic voltammetric slides were undertaken using 
a three electrode potentiostatic system in acetonitrile with
0.1M tetrabutylammonium hexafluorophosphate (TBAPFg) present 
as supporting electrolyte. Platinum button microelectrodes 
were employed as auxilliary and working electrodes with a 
Ag-AgBF^ reference electrode (with respect to this reference 
electrode, ferrocene is oxidized at +0.08V). Controlled 
potential electrolysis experiments were carried out under a 
constant stream of argon gas using a platinum gauze and 
platinum wire as the respective working and auxiliary 
electrodes, a salt bridge is incorporated to separate 
oxidized and reduced species.
The electrogenerated solution was transferred by syringe 
to a modified e.s.r. tube which had been cooled,evacuated, 
flushed with nitrogen gas and closed with a tap. The 
transferred solution was immediately frozen in liquid nitrogen.
Reagents
Tetrabutylammonium hexafluorophosphate, (TBAPFg) was 
prepared from 40% [TBA]OH (Aldrich) and 65% HPF^ (Strem) and 
recrystallized from methanol. "Dried, distilled" grade 




The ligands 1,4,8,11-tetraazacyclotetradecane, "cyclam" 
(Lancaster Synthesis) and 1,4,8,11-tetramethyl-1,4,8,11 - 
tetraazacyclotetradecane, "TMC" (Strem) were used as 
supplied. C-meso- HMC was prepared by the method of Busch, 
and Tait"'3^.
[PdL] (PFC)2 , L=cyclam, TMC, C-meso- HMC
The compounds were prepared in a similar manner to 
[Pd(II)Ln ] (PFg )2 , n - 1-4 (Chapter 3).
[Pd(cyclam)] (PF^ ) 2
Yield 110 mg, 1.8 mmol, (52%)
Analysis: Required for QH2 ^N^P 2 PdF^^ .f^O
C 19.5 H 4.2 N 9.1%
Found C 19.6 H 4 . 1  N 9.1%
I -r - vmax=3256' 3190 (VN H )' 1619 cm"1 ISNH>
Electronic spectrum (in CH^CN 900-186nm) 275 (e=464),
207 (14670 dm3mol“ 1cm“ 1)
F.a.b. Mass Spectrum. Calculated- for 106Pd (Found)
[Pd(cyclam)PF^]+ 451(451), [Pd(cyclam)]+ 306(305).
[Pd(TMC)] (PF£)2
Yield 220 mg, 0.34 mmol, (86%)
Analysis: Required for C ^ H 2 2 N ^P2 PdF^ ̂
C 25.8 H 4.9 N 8.6%
Found C 25.8 H 5.1 N 8 . 4 %
Electronic spectrum (in CH^CN 900-1 86nm) 307 (e = 1168)
225(20250 dm3mol“ 1 cm“ 1) .
F.a.b. Mass Spectrum. Calculated for 106Pd (Found)
[Pd (TMC) PFg ] + 508(508), [Pd.(TMC)]+ 363 (362).
XH N.m.r. 8„[CD^NO„] 3.39(4H, d of t, NCfi(H), J=13.1,n z z
Hz)) 3.17 (8H, m, NCtf2Ctf2N ) ; 2.81(12H, s, NC#3); 2.58
(4H, d of t N C H (H), J=13.2, 3.3Hz); 2.05-2.38(4H, m,
-ch2ch2ch2-) .
13C D.E.P.T. n.m.r. SgJCDgNC^] 62. 0, 59 .6 (both N-CH2~)
45.6 (N-FH3) ; 22.6 (-CB. 2CU 2~CY{ 2~ )
C-meso [Pd(HMC)] (PF,)_•---------------------- o— Z
Yield 81 mg, 1.2 mmol, (54%)
Analysis Required for gH3gN^P2PdF^2
C 28.2 H 5.3 N 8.2%
Found C 29.3 H 5.5 N 8 . 0 %
I.r. v =3240, s, (6..TT) max ' ' NH
Electronic Spectrum (in CH3CN 900-186nm) 283 (e=475)
218(13530 dm3mol“ 1cm“ 1)
F.a.b. Mass Spectrum. Calculated for 106Pd (Found)
[Pd (HMC) PF,- ] + 535(535), [Pd(HMC)]+ 390 (391).b
[NiLn ]2+ n= 1 -4
The nickel (II) pyridyl macrocycles [N.iLn ] (C10^)2 
n=1,3,4 were available as intermediates from the synthes 
of the free ligands Ln n=1,3,4; their synthesis is 
described in Section 2.5.
[NiL1] (CIO^) Analysis: required for C^gH2gN^NiCl20g
C 36.4 H 5.0 N 10.7%
Found C 34.8 H 5 . 0  N 10.8%
I.r. V =3227, 3194 V(NH), 1614, 1583 cm“1max '
[NiL3 ] (CIO, ) Analysis: required for C^ gH^gN^NiC^Og
C 36.0 H 5.3 N 10.5%
Found C 36.1 H 5 . 2  N 10.3%
I •r .: vmax=3212 s 's (v n h ^ ' 1619 Cm 1' S 'Sf (6NH)
[NiL1* ] (CIO ̂ ^  Analysis: required for C ^ H ^ N ^ N i C ^ O g
C 33.2 H 4.8 N 11.1%
Found C 33.8 H 5.0 N 11.0%
I .r.: vmax=3200 s 's v̂ n h ^ ' 3030' w ' (Vpy-H^ ' 1618' 1586 cm 1 
[NiL2](PFC)2
L 2 (33 mg, 0.11 mmol) and N i N O g ^ E ^ O  (38 mg, 0.11 mmol) 
were refluxed in methanol (40 c m 3) for 6 hours. Addition 
of NH^PFg allowed an orange solid to be isolated that was 
recrystallized from methanol.
Yield 13 mg, 0.02 mmol, 20%
Analysis: required for gHg2 N ^NiP2 F ^^
C 33.1 H 4.9 N 8.6%
Found C 32.9 H 4 . 8  N 8 . 7 %
I . r . : v =1614, 1582 cm  ̂ pvridyl v(C=C), v(C=N) max / J '
[ N i L ] L = eyelam, HMC, TMC
Synthesis of the complexes [NiL]^+ are described in 
Chapter 6.
1 1.2
C H A P T E R  5
Electrochemical and Structural Studies on Unsaturated 
Nickel Tetradentate Macrocycles with 'N^X' Donor Sets
(X=N,P,S)
113
During the last 20 years many studies on the redox 
properties of first row transition metal macrocycles have 
been undertaken in order to determine the factors that 
influence the stability and reactivity of the central metal
ion. From these studies, important parameters such as
, . , , . 18, 127, 128 . , , 18macrocyclic hole size , saturation and charge ,
1 29configurational characteristics, (e.g. meso/rac ,
19 13 0R.S.R.S./R.S.S.R. or cyclam/isocyclam isomers ) and
55 131macrocyclic design (e.g. introduction of pendant arms ' ,
132electron withdrawing/donating substituents , and substitu­
tion of hetero atoms into the donor s e t ^ '^ ^ ^ ' 1 ̂ ) have 
been assessed. Least studied due to the synthetic complexities 
often involved in macrocyclic synthesis is the substitution 
of hetero atoms into the donor set. Tasker and coworkers 
prepared and investigated the Mn and Zn complexes of the






1 3 S 136Although Kaden and coworkers ' have published 
extensive data on a variety of mixed donor 'N^S^' macro­
cycles, e.g. (35), and Tasker et a l . ^  and Meek et a l . ^ ^  
have prepared' and structurally characterized the only 
examples of tetradentate 'N 2P2' macrocycles, few comparisons 







This problem was addressed by our investigation into
the diiminopyridyl macrocycles with 1N ^ X 1 donor sets,
X=N,P,S. All three macrocycles, first synthesised by
47 139 140independent groups ' ' / b y  the nickel template method
of condensation of 2,6-diacetylpyridine with the
appropriate diamino ligand, have been prepared and inves­
tigated structurally and electrochemically. Diiminopyridyl
macrocycles n^X, X=n,p,s, are suitable for a comparative 
study for several reasons. The n^ and n^P macrocycles can
be prepared in high yield without complex organic synthesis
of ligand precursors. The n^s macrocycle was prepared by
Dr. R.C. Sharma at the University of Edinburgh, and
structural data for the nickel complex [Ni(n^s)Cl]^(BF^)^
1 41is included here purely for comparative purposes * The 
rigid diiminopyridine moiety limits the stereochemistry of 
the macrocycle so that a direct comparison in variation of 
one hetero atom donor is possible without changing other 
structural parameters. Previous redox studies have
established a well defined electro-chemistry of the redox
2 + 128142active [Ni(n^)] complex ' . It is compared with the
results for the n^P and n^s macrocycles obtained from this
study. For [Ni(n^)]^+ accessible, stable Ni(III) and
N i (I) oxidation states separated by oa, 2.5V have been
characterized. An intramolecular electron transfer from
18 14 2ligand to metal has also been described ' which suggests 
that [Ni(n^)]^+ and structurally related species may be of 
use as electron transfer mediators and possible electro­
catalysts .
5.1.2 The Interaction of Small Molecules with Ni(I)
The addition of racid axial ligands to square planar
transition metal unsaturated macrocycles has been examined
142-145by several groups . The stabilization of the low
valent oxidation states Co(I), Ni(I), Cu(I) was achieved in 
several cases. The stability was attributed to the com­
bination of tt acceptor properties of the unsaturated macro­
cycle and the particular axial ligand. Ni(II) complexes 
with conjugated a-diimine moieties such as (32) and the n^
macrocycle undergo one electron reductions to give N i (II) 
stabilized ligand radicals [Ni(Mac )]+ .
Upon interaction with axial ligands such as CO, these 
complexes form five coordinate Ni (I) carbonyl complexes [37].
[Ni (II) (Mac“) ] + + CO -> [Ni (I) (Mac) CO] + [37]
Thus an unpaired electron is induced to migrate to a 
predominantly metal orbital from a predominantly ligand
based orbital via a reversible intramolecular electron
142 143 transfer reaction '
Results and Discussion
5.2 Synthesis of Diimino Pyridine Macrocyclic Complexes
The nickel diiminopyridine tetraaza macrocyclic complex
[Ni(n^)]^+ was readily synthesised by an established method
of a Schiff base template condensation of 2,6-
diacetylpyridine with 4-azaheptane-1,7-diamine using nickel
as a templating centre. Under conditions of 8 hours reflux
in aqueous ethanol an acid catalysed condensation gave the
47brick-red coloured product in 55% yield
To prepare the triazaphosphorus macrocyclic complex 
[Ni(n^p)] + extremely mild template conditions were found to 
be essential. Condensation of 2,6-diacetylpyridine 
with b i s (3-aminopropyl)phenyl-phosphine in the presence of 
Ni (II) nitrate was achieved under optimum conditions of gentle 
warming of an aqueous ethanolic solution to 50°C for one hour,
1 1 6
followed by stirring for 6 hours at room temperature.
The complex was isolated as orange-brown crystals in
65-70% yield. To prepare the five coordinate nickel
species [Ni(n^p)Cl]PFg a 1:1 mixture of nickel dichloride
and NH^PFg was used as the source of nickel. The product-
139was isolated as purple crystals in ea.50% yield
5. 3 Structural Studies on Nickel Diiminopyridine Macrocvcles
5.3.1 Introduction
In conjunction with the electrochemical studies a 
parallel investigation concerning structural aspects has been 
undertaken on nickel diiminopyridine macrocycles. In parti­
cular the structural and stereochemical effects of systemati­
cally varying one hetero atom of the [Ni (n^X ) (Hal)]+ moiety 
(X=n,p,s, Hal=Br or Cl) has been studied. The crystal
structure of [Niin^pJCl]4" was compared with the published
+ 1 4 S 2 +structure of [Ni(n^)Br] and that of [Ni(n^s)Cl ] 2 ,
1 41recently determined by Blake and Sharma at Edinburgh 
The effect of the axial halide substituent can also be
assessed with reference to the structures of [Ni(n^p)]^+ 
and [Ni(n^p)Cl]+ .
5.3.2 The Single Crystal X-Ray Structure of [Ifti (n^p) 1 ) n
The effect of the introduction of a larger second row 
element into the 14-membered diiminopyridyl macrocycle fragment 
was assessed from an X-ray analysis. A deep brown needle 
(0.24x0.08x0.12mm) suitable for X-ray analysis was obtained
1 1 7
by slow cooling and evaporation of a concentrated solution 
in water/ethanol (1:1).
Crystal Data
C21H26N3NiP2\ 2 P F 6 M = 700.03, Monoclinic, space 
group C2/c, a = 29.553(9), b = 8.725(8), c = 23.111(4)A;
6 = 107.42(2)°, U = 5686A3 , Da = 1.635 g cm“3 , Z = 8,
- 1  °  F(000) = 2832, y (Mo-Kct) = 9.45 cm , X (Mo-Ka) = 0 . 71 069A.
At convergence R,Rw = 0.054, 0.064 respectively for 1944
data.
Selected bond lengths and angles are given in Table
5.3.1 and a view of the cation is shown in Figure 5.3.II.
The structure shows a square planar nickel coordination 
geometry bound to phosphorus and all three nitrogen donors. 
The diiminopyridine fragment including the triaza donor set 
is essentially coplanar (maximum deviation from this plane
o o
is -0.06 A) with the nickel atom +0.13A from this plane.
O
The phosphorus atom is displaced by 0.44A from the 'N^' plane, 
linked to N(3),N (11) by two propylene chains in a mirror 
related chair configuration. The dihedral angle between 
the triaza plane (Ni, N(3), N(11), N(17)) and the plane in­
corporating the phenyl moiety (N(17), Ni, P(7), C(21)) is 
89.6°. Whereas Ni-N bond lengths for N(3), N(11) are almost
O
equal in length (1.915(7) and 1.919A), the pyridine nitrogen-
O O
nickel bond, Ni-N(17), is almost 0.1A shorter, (1.822(7)A).
A similar magnitude of contraction is found for Ni-N (17) for
all [Ni (n X) (Hal)]+ structures''^'''^.3
1 1 8
1 1 9
Table 5.3.1. Selected bond Iengths and angles (with 
e. s . d 1 s) , for [Ni (n3p) 1 (PF^) 2 and [~Nl (n3p ) Cl] PF g






N (1 7) 
N (3) 
P(7)
N ( 1 1 ) 
Cl
1 .822 (7) 
1.915 (7)




2 . 1498 ( 18) 
1 . 909 (5)
2.4124 (19)
Bond angles (°)
N (3) - Ni - P ( 7 ) 97 .35 (21) 96 .24 (1 6)
N (3) -  Ni - N (1 1 ) 164.5 (3) 1 64 . 05 (22)
N (3) - Ni - N (1 7) 82.6 (3) 82.04(22)
P (7) - Ni - N (1 1 ) 97.47(21) 96.92(17)
P (7) - Ni - N (1 7) 171.39(22) 153.12(17)
N (1 1 ) - Ni - N (1 7 ) 82.6 (3) 82.15(23)
Ni - P (7) - C (6) 111.1 (3) 1 1 0.88 (24)
Ni - P (7) - C ( 8 ) 110.3 (3) 1 1 0. 02 (23)
C (6) - P (7 ) - C(011) 105.9 (4) 105.5 (3)
C (8) - P (7) - C (01 1 ) 104.0 (4) 105.1 (3)
Cl - Ni - N (3 ) - 94 . 33 (1 6)
Cl - Ni - P (7) - 96 . 96 (7)
Cl - Ni - N (1 1) - 93 . 22 (1 7)
Cl - Ni - N (1 7) — 110.92(17)
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Figure 5 3.II View of the Single Crystal X-ray Structure of 
[Ni (n,,p) ] 2 +
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5.3.3 The Single Crystal X-Ray Structure of fNi(rup)CllPF^
In order to complete the structural investigation of 
the series [Ni(n-X ) (Hal)]+ (X = n,p,s, Hal = Cl or Br) and 
to compare with the square planar [Ni(n_p)] (PFr)_, theJ D Z
single crystal X-ray structure was undertaken. A purple 
slightly flattened needle (1.4x0.3x0.2mm) suitable for X-ray 
analysis was obtained by slow evaporation of an ethanol 
solution.
Crystal Data
C 2 1 H 2 gClN3 NiP+ .PFg M = 590.52, Monoclinic, space 
group P2!/a: a = 14.432(10), b = 12.220(7), c - 13.737(7)A;
6 = 105.20(5)°, U = 2338A3 , Dc = 1.558 g cm”3 , Z = 4,
F (000) = 1 208, u(Mo-Ka) - 10.96 cm“ 1 , X (Mo-Ka) = 0.71069A.
At convergence R,Rw = 0.0513, 0.0721 for 2169 observed data.
Selected bond lengths and angles are given in Table 5.3.1 
and two views of the cation are shown in Figs.5.3.Ill and 
5.3.IV.
The structure shows a distorted square based pyramidal 
coordination geometry of the nickel centre. The bound axial
O
chloride (Ni-Cl = 2.4124(19)A) is on the opposite face of the 
macrocycle to the phenyl group. The phenyl group is again 
orthogonal to the macrocyclic triaza plane, the dihedral 
angle between Ni, N(3), N (11) , N (17) and N(17), Ni, P(7), C (21) 
is 89.44°. The square pyramidal distortion is a manifesta­
tion of the partially folded nature of the macrocycle. The 
diiminopyridine fragment is again coplanar but the phosphorus
O
atom is displaced by 0.93A from the 'NiN^' plane (<N(17)-Ni- 
P (7) = 153.12(17)°). To relieve the strain the chloride is
1 22
Figure 5.3„III View of the Single Crystal X-ray
Structure of [Ni(n^p)Cl]4
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Figure 5 3.IV View of the Single Crystal X-ray 
Structure of [Ni(n^p)Cl.] +
?
bent away from the macrocyclic plane (<N ( 17)-Ni-Cl = 
110.92(16)°). The addition of the chloride to the nickel 
coordination sphere has minimal effect on other bond lengths
O
(<0.01 A) and bond, angles (<0.5°) when compared with the
2 +equivalent parameters of the [Ni (n^p)] structure (Table
5.3.1) .
5.3.4 The Single Crystal X-ray Structure of [Ni ( n-. s) Cll
1 24
The dimeric structure shows a distorted octahedral
geometry around each nickel centre that are related through
141a centre of inversion . (Figure 5.3.V). Each nickel 
centre is coordinated to three nitrogen atoms of the diimino 
pyridine macrocyclic fragment in an approximately planar 
fashion (Ni-N(3) = 2.032(13) Ni-N(11) = 2.054(12),
O
N i - N (17) = 1.976(10)A) with the sulphur donor bent away to
O
occupy an axial position (Ni-S(7) = 2.367 (5)A, < N (17)-Ni-S(7) 
= 97.1 (3)°) . The two remaining sites are occupied by cis
O
bridging chlorides (Ni-Cl = 2.366(5)A) in a tvans geometry 
to the pyridine moiety (< N (17)-Ni-Cl = 170.3(3)°). Dis­
tortion from octahedral geometry illustrated by the inter­
bond angles of < (N(17)-Ni-N(11) = 77.3(4), < N (17)-Ni-N(3)
= 77.0(5)°, <C1-Ni-N(11) = 104.1(4)°. In accommodating
the strained geometry about nickel all Ni-N bond lengths 
0
are ca.O.IA longer than the corresponding bond lengths of 








































A summary of selected structural parameters is presented 
in Table 5.3.VI . The effect of introducing the larger, 
softer second row elements phosphorus and sulphur into the 
tetraaza ligand is clearly demonstrated. For the [Ni(n^)Br]f 
complex the coordination geometry around Ni(II) is square
based pyramidal. Maximum deviation of the nitrogen donor
° + from the best 'NiN^' plane is 0.14A. For [Niin^piCl] a dis-
O
torted square based pyramidal geometry with the P donor 0.93A 
from the 'NiN^' plane is observed. The sulphur derivative 
gives a dimeric structure, [Ni (n^s)Cl)] ,  with dichloro bridges 
between octahedral Ni(II) centres, with the sulphur atom
O
2.01A from the 'NiN ' plane. This trend may be rationalised
by the increase in the Ni-X(7) bond length (Table 5.3.VI ).
° +An increase of 20% from Ni-N(7) = 1.932A for [Ni(n^)Br] to
°  2 +N i - S (7) = 2.367(5)A for [Niin^slCl]^ is a manifestation of
the larger second row element incorporated into the macro-
cyclic donor set. As the diiminopyridine fragment is held
rigid and cannot accommodate this increase, to relieve the
strain the hetero group (P,S) is forced to bend away from
planarity resulting in a folded macrocyclic structure.
1 1 9Hancock , in molecular mechanics calculations for the 
related tetraaza cyclam ligand calculated that a planar 
macrocyclic conformation was expected for Ni-N bond lengths
O O
of less than 2.05A. Above 2.09A octahedral geometry with 
a folded macrocyclic conformation leaving vacant o-is co­
ordination sites in the coordination sphere is predicted.
The folded macrocyclic o-is stereochemistry represents a 
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diiminopyridyl. macrocycles. It demonstrates a greater 
flexibility for the unsaturated tetradentate macrocycle 
than was previously predicted from reference to the crystal 
structures of square planar nickel"' ̂  and copper complexes.
5.4 Comparison of the Electrochemistry of [Ni(n^ )12+ and 
[Ni (n-.pl ] 2 +
The electrochemistry-of the two nickel(II) macrocyclic 
complexes was investigated in acetonitrile solution with
0.1M TBAPFg as supporting base electrolyte. Cyclic volt- 
ammetric and e.s.r. data of products formed by electro­
synthesis of the first reduction potential are listed in 
Table 5.4.1.
Table 5.4.1
1st reduction 2nd reduction oxidation E.s.r. of








[Ni(n3p) ]2+ -0.81 (71) -1 . 34(72) — gii=2.236
[Ni(n4) ]2 +
gj. =2.118
-0 . 92 (68) -1.49(61) +1.08(70) g . =2.002 ^iso
Inspection of the data listed above illustrates the major 
effect on the redox properties by the introduction of the tt 
acid phosphorus atom into the macrocyclic donor set. On 
scanning to +2.0V a Ni(II)/(III) redox couple is observed only
129
for the [Ni(n^)]^'f macrocycle. Both complexes show two 
reversible one electron reductions separated by ea.550mV 
on scanning to -2.0V. Tentative evidence for a second 
ligand reduction is suggested on scanning to -3.0V.
2 +Irreversible reductions of -2.68 and -2.73V for [Ni(n^p)]
and (Ni(n^)]^+ respectively are assigned to reduction of
1 48the pyridine ring (of. -3.1V for pyridine in MeCN)
E.s.r. evidence outlined below suggests that the first
2 + 2 + reduction for [Ni (n^p) ] is metal based whereas for [Ni(n^)]
it is a ligand based reduction.
i. [Ni(n:p)12+
Reduction at a platinum gauze of an acetonitrile solution 
of [Ni(n^p)]^+ (imax=444nm) by controlled potential electro­
lysis at -0.95V yielded an intense inky maroon solution 
^ m a x " ^ ^ nin  ̂' 1 1 ^ this species as an acetonitrile glass
shows an anisotropic e.s.r. signal with g 11=2.236, g l=2.118 
(Figure 5.4.II). Axial symmetry with g il>g1 is consistent 
with a Ni(I) species. Evidence that the second reduction 
occurred on a ligand centre to form [Ni(n^p )], a Ni(I) ligand 
radical species rather than on the nickel to form [Ni(o)(n^p)] 
was obtained by quantitative electroreduction at the secondary 
reduction potential. The e.s.r. spectrum at 77K was rather 
more complex due to some coupling of the two paramagnetic 
centres in the complex. A ligand reduction is clearly
indicated by the formation of a new isotropic signal, g. =2.004.iso
Interaction with the metal centre is suggested as the aniso­





























































Confirmation of an initial ligand based reduction of
[Ni(n4 )]2+, in agreement with results from previous studies 
18 14 2' , was obtained by electrochemical reduction at the
first reduction potential. Controlled, potential electro­
reduction at -1.00V in acetonitrile yields a dark green
solution (A =640nm), the e.s.r. of which at 77K as an max
acetonitrile glass shows a single isotropic signal at
g. =2.002 indicative of the formation of [Ni(n. )]+ , a riso 4 '
nickel (II)-ligand radical species. Reduction at the
secondary reduction potential has been previously shown to
produce the nickel(I) ligand radical species [Ni(n^ )], as
1 42characterised by e.s.r. (g =2.188, g. =2.002)1 '  av ' y is o
iii. Discussion
From the direct comparison of the two diiminopyridine 
macrocycles., the effect of one equatorial phosphorus atom 
substituted into the tetraaza macrocycle can be assessed. 
Comparison of the redox potentials shows that the Ni(II)/(I) 
redox couple is significantly stabilized whereas the 
N i (II)/(III) couple is destabilized and not observed. The 
formal Ni(II)/(I) redox couple for [Niin^p)]2"1" of -0.81V 
therefore compares very favourably with other neutral tetra­
aza macrocycles. Under equivalent conditions their redox
couples range between -1.72V for [Ni(cyclam)]2+ to -1.00V
2 + 19 for [Ni(38)] .
132
(38)
The significant stabilization of the Ni(I) oxidation 
state is attributed mostly to the superior tt acceptor ability 
of P over N, but a contribution due to the more structurally 
accommodating nature of the n^P macrocycle over the n^ 
macrocycle may be involved.
With the Ni-P bond bent away so that the phosphorus atom
O
is 0.44A out of the 1NiN^1 plane, the larger Ni(I) centre
can be more readily accommodated within the macrocyclic
cavity than the planar n^ macrocycle. It is well documented
that anodic shifts in the Ni(II)/(I) redox couple are found
18 19with an increase in the macrocyclic cavity or 'hole' size ' 
The superior a donor properties of N in comparison to
P allow for the stabilization of [Ni(n^)] 3 + The analogous
n p complex is unobserved due to the destabilizing influence 
of phosphorus on Ni(III).
133
5c 5 Comparison of the Electrochemistry of iNi(rup)cn + 
and TNi(n^s)C11
Preliminary studies have been undertaken on the n^s 
macrocycle as its nickel complex [Ni (n^s) Cl] 3 (BF^ ) ̂  . 
Results are compared with the monochloro n^p complex 
[Ni(n^p)Cl]+, under similar experimental conditions, and 
tabulated in Table 5.5.1.
Table 5.5.1






XE,/V 2 first re­
duction 
product
[Ni(n3p)Cl] + -0.95 (1 12)' -1 . 33 (88) - g =2.108 ^av
[Ni(n3s )Cl] 2 + 2 -0.88 (120) -1.44 (112) +0.90irrev a
n>
. a, complex decomposed on electrogeneration,
i. [Ni(n3p)Cl] +
i
Two reversible one electron reductions are observed on 
scanning to -2.0V. In common with the square planar n^p 
complex, no oxidation was detected to the anodic limit of 
the solvent. A shift of 140mV to a more cathodic potential 
is noted for the first reduction w h e n  compared with the 
corresponding reduction of [Ni (n,p)]2+, with a negligible
f change between the two second reduction potentials. The
134
more cathodic potential would be expected with the u 
donor chloride anion bound to the nickel centre. This 
strongly suggests that the first reduction of the complex 
is metal based. Confirmation was achieved by electro­
synthesis at -1.05V. An anisotropic e.s.r. signal with 
non axial symmetry with overlapping g^ and g^ features 
(g =2.108) clearly suggests coordinated chloride attached 
to a nickel(I) centre.
ii. [Ni ( n^ s) Cl] ̂
Two quasi-reversible one electron reductions and one
irreversible oxidation at +0.90V were recorded for the
octahedral sulphur analogue. The large peak to peak
separation for the first reduction species (EpC = -0.94,
E = -0.82V,AE = 120mV) suggests that in common with the pa ■ p
phosphorus analogue the first reduction is metal based. 
Attempts to electrogenerate at the first reduction potential 
were unsuccessful due to the rapid decomposition of thei
reduced product. Of note is the irreversible oxidation at 
a moderate anodic potential, reflecting the better donor 
properties of S over P to stabilize the Ni(III) oxidation 
state.
5.6 The Interaction of Small Molecules with Nickel(I) 
Macrocycles
The interaction of small molecules with [Ni(n^p)]+ has 
been investigated using a combination of electrochemical and 
e.s.r. techniques and compared with results from the
135
previously characterized [Ni(n^ )]4 complex.
In the presence of a large stoichiometric excess of
axial it acid ligands CO, PMePh2 , EPh^ (E = P,As,Sb) and
PR^ (R = O-Me, nBu) , reductive cyclic voltammetry of
[Niin^p)]^4" shows the reduction wave to shift to a more
anodic potential with a concomitantishift to more cathodic
potentials for the secondary reduction potential (Figure
5.6.1). The magnitudes of these interactions are tabulated
in Table 5.6. II. To stabilize Ni(I) a proposed five
142 143coordinate species is believed to be formed ' . The
strongest it acids, in general, are therefore able to 
stabilize low oxidation states (resulting in the largest 
shifts), due to their ability to accept electron density 
from the electron rich metal centre. For [Niin^p)]^4 , 
largest interactions were associated with the addition of 
a large stoichiometric excess of PiOMe)^.
A shift of oa. 245mV in the cathodic and anodic waves
of the primary reduction potential to a more positive
(favourable) potential leads to an extremely anodic value
of the formal reduction potential to Ni(I) of 1Ei = -0.56V
(AE = 80mV) . No shift for the poorer u acid SbPh-, was P 3
observed while the intermediate strength it acid PMePh2 gave 
shifts of ca.115mV (Figure 5.6.1). Larger interactions 
were observed for the secondary reduction potential. Shifts 
of 5-600mV to a more cathodic potential were measured for the 
strongest tt acceptors. In contrast, for [Ni(n|)]+ , shifts 
of ua.200mV were observed for the corresponding axial ligand 
under equivalent conditions. This trend of a weaker inter­





















































































































































With the strong binding of phosphines to [Ni(n^p)]+ ,
it was hoped that the gases CO,CO^r and could be activated
on interaction with an electron rich centre. Stabilization
of Ni(I) in a CO saturated acetonitrile solution was achieved
(E = -0.38V). For an ethylene saturated acetonitrile pa
solution negligible shifts (c<z.12mV) suggested little or no
interaction. In aqueous acetonitrile solutions a report
suggested that [Ni(n^)]^ + was an electrocatalyst for CO 2 
1 49reduction . In dry acetonitrile solution neither
[Ni (n^p)] or [Ni(n^)]^ + showed any shifts in redox 
potentials or increases in current density expected for an 
electrocatalytic CC>2 reduction.
Further evidence for the coordination of axial sub­
strates to monovalent nickel was obtained from e.s.r. studies. 
The effect of a range of axial ligands on e.s.r. g tensors is
tabulated in Table 5.6 .III. On electrogeneration of
+ r [Ni(n^p)] in the presence of a stoichiometic excess of a
ligand such as PiOMe)^/ shifted g tensors are observed when
compared to the e.s.r. spectrum of [Ni(n^p)]+ with no added
substrate. The identical e.s.r. spectrum can also be
generated by addition of PiOMe)^ to a solution of [Ni(n^p)]+
electrogenerated at its primary reduction potential. Shifts
towards free spin of 107G in g n  and 22G in the gj. region
suggest the formation of a 5 coordinate Ni(I) species,
consistent with the proposed structure of other Ni(I) macro-
142 14 3cyclic complexes ' . For ligands with little or no
interaction with the metal centre (from C.V. experiments), 
negligible shifts in g tensors are observed. In contrast, 
electrogeneration of [Niin^pJCl]4̂ shows a significant shift
139
Table 5.6„III, B.s.r. Data of products formed by
2 +reduction of [Ni (ruX) 1 , X?n,p, at the first reduction,
potential in the presence of tt acceptor'ligands




[Ni (n3 p) ] 2 + — 2.236 2.118
P (OMe) 3 2. 159 2 . 1 0 2
PPh 3 2.254 2 . 092
C2H4 2.233 2.115
AsPh 3 2.234 2.114
[Ni(n4 )]2+ - fo cg. =2 . 0 0 2  ' ^iso
P (OMe) 3 2.190 2 . 065
P (nB u )3 2 . 209 2 . 1 04
PPh 3 2 .206 2.068
CO 2 . 2 1 1 2.050°
Measured in acetonitrile at 77K 
Isotropic signal 
ref. 1 4 2
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of both g tensors giving overlapping g n ,  g_i_ features 
(gav = 2.108) due to the proposed 5 coordinate Ni(I) 
species generated.
5.7 Conclusions
A combination of e.s.r. and electrochemical techniques 
has shown the ability to 'tune' the redox behaviour of a 
metal centre over a wide potential range. Within the 
diiminopyridine macrocyclic framework the redox potential for 
the Ni(II)/(I) couple can be varied by ca.I.OV when com­
paring the structurally similar n^ and n^p macrocycles under 
certain conditions. The n^p macrocycle stabilizes Ni(I) 
at the anodic potential of -0.81V. In the presence of 
P(OMe)^ this potential is further reduced to -0.56V. In 
comparison the n^ macrocycle stabilizes the nickel (I) ligand 
radical, [Ni (n^ ) ] at -1.49V.
Although this investigation has produced a large 
variation in the redox potential of the radical Ni(I) species, 
no interaction with the industrially important gases C or 
£ 2 ^ 4  was detected under the conditions employed. A signifi­
cant stabilization of the nickel(I) oxidation state was 
however noted in the presence of the tt acceptors CO, PR^
(R = OMe, nBu, Ph). In conclusion, a variation in experi­
mental conditions to include protic solvents is envisaged in 
order to obtain electrocatalytic activity with small molecules.
5.8 Experimental
Microanalyses, infrared and n.m.r. spectra and conduc­
tivity measurements were obtained as described in earlier
141
chapters. Cyclic voltammetric and electrosynthetic 
studies were carried out using the apparatus described in 
Chapter 4.
Reagents
Bis(3-aminopropyl)phenyl phosphine (Strem) was used 
without further purification. [Ni(n^)] (ClO^^ was prepared
by the method of Busch and Tait (n 4 = 2,12 —dimethyl—
3,7,11,17-tetraazabicyclo[11.3.1]heptadecapent-1(17),2,11,13, 
15-ene). [Ni(n3 s)Cl]2 (BF4 ) 2 was prepared by Dr. R.C.Sharma, 
University of Edinburgh141, (n3s = 2,1 2-dimethyl-3,11,17- 
triaza-7-thia-bicyclo[11.3.1]heptadecapent - 1 (17) ,2 , 1 1  ,13,15 — 
ene) .
X^iJjlgP) J ' (n 3 P = 2 , 1 2— dimethyl — 7-phenyl — 3 , 1 1 , 1 7-triaza—
7-phospha-bicyclo[11.3.1]heptadecapent-1(17),2,11,13,15-ene).
Ni(NO 3 )2 .6H20 (200 mg, 0.69 mmol) was dissolved in 
ethanol (80 c m 3) and distilled water (60 c m 3) at 50°C under 
nitrogen. B i s (3-aminopropyl)phenyl phosphine (150 mg, 0.69 
mmol) in ethanol, ( 1 0 c m 3) was added over a period of 5 minutes. 
2 ,6 -Diacetylpyridine (110 mg, 0.69 mmol) in ethanol
( 1 0 cm3) was then added and the resulting dark wine-red solu­
tion was maintained at 50°C for one hour. After continued
stirring for 6 hours at room temperature excess NH.PF was4 6
added. On cooling an orange-brown solid was collected which 
was recrystallized from water/ethanol, washed with ethanol 
and diethyl ether and dried in vacuo. Yield 340 mg,
0.48 mmol / (70%) .
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C 36.0 H 3.7 N 6.0%
Found C 35.8 H 3 . 7  N 5 . 8 %
1Equivalent conductivity, slope of AQ-Ae vs C<^ plot in 
CH 3 N0 2 = 373.
I.r. v = 3100 pyridyl v(C-H); 1608, 1590 cm ^max ' '
pyridyl v (OC) , v (C=N) .
Electronic spectrum: (in CH^CN 900-186nm) 444 (e=1650)
331(3180) 283 (5680) 217 (22600 dm 3 mol ” 1 cm“ 1)
F.a.b. mass spectrum. Calculated for 5eNi (Found)
[Ni(n^p) (PFg)]+ 554 (not observed) , [Ni(n3 p)]+ , 409(409).
[Ni (n:p ) C H P F c
NiCl 2 .6H20 (278 mg, 1.02 mmol) and NH^PF^ '(167 mg,
1 . 0 2  mmol) were dissolved in ethanol ( 1 0 0  c m 3) under nitrogen. 
Bis(3-aminopropyl)phenyl phosphine (230 mg, 1.02 mmol) in 
ethanol (10 c m 3) and 2,6 -diacetylpyridine (167 mg,
1 . 0 2  mmol) in ethanol ( 1 0 cm3) were successively added, and 
the resulting mixture was heated for 7 hours at 60°C to give 
a maroon solution. Cooling gave a dark purple crystalline 
solid which was recrystallized from ethanol. Yield 300 mg,
0.51 mmo 1 ,(50%).
Analysis: Required for C 2 ^H2 gClFgN 3 NiP 2
C 42.7 H 4.4 N 7.1%
Found C 42.5 H 4 . 2  N 7 . 0 &
1Equivalent conductivity, slope of'A0 -Ae vs Ce2 plot in 
CH 3 N0 2 = 267.
Analysis: Required for C 2 ̂ H2(_F.j 2N 3NiP3 :
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I.r. v = 3060 pyridyl v(C-H); 1606, 1574 pyridyl 
rricLX
v(C=C), v(C=N); 458 cm " 1 v(Ni-Cl).
Electronic spectrum: (in CH^CN 900-186nm) 520 (e=3450),
360 (2250)sh 284(6425)sh 21 9(28, 700 dm 3 mol " 1 cm"1) .
F.a.b. mass spectrum: Calculated for 58Ni (Found)
[Ni(n3 p)Cl]+ 445(444), [Ni (n3 p) ] + 409(409).
The Reaction of Dioxygen and Superoxide 
with the Nickel Tetraaza Macrocycles [NiL]
L=TMC, C-raa-HMC
C H A P T E R  6
+ /2 +
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6.1.1 The Reaction of Dioxygen with Transition Metal 
Macrocvcles
Dioxygen complexes of metalloporphyrins have been of 
great interest in relation to the elucidation of the 
mechanism of transport and storage of dioxygen by hemo­
globin and myoglobin, of activation of dioxygen by
cytochrome P450 and of the in vivo four electron reduction
1 5 0 “ 1 5 2of dioxgen by cytochrome oxidase . The four electron
reduction of dioxygen to water by dimeric cofacial metallo-
porphyrin electrocatalysts has received considerable study
due to its potential importance in fuel cells and air
batteries^4 ' ̂ .
Dioxygen adducts formed by the reaction of molecular
dioxygen with Fe(II), Co(II), Cr(III), Ru(II), Rh(II), and
151 152Ti(III) porphyrins have been reported ' . With the
exception of the Fe(II) case the dioxygen ligand is con­
sidered to adopt the electronic configuration of. superoxide 
with end on binding by a formal oxidation of the metal centre 
by one electron with a concomitant reduction of the 
coordinated 0 2 - For Fe(II) porphyrins used as model 
systems for hemoglobin and myoglobin, an irreversible oxidation
to Fe(III) is observed unless specially designed synthetic
1 6ligands such as the "picket fence porphyrins" or "lacunar 
macrocycles " 1 4 are used. Investigators have employed the 
reactions of dioxygen with other metals or have studied non­
redox active molecules such as CO in order to circumvent
this irreversible iron oxidation process while investigating
152substrate binding reactions
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Reactions of transition metal non-porphyrinoid
macrocyclic species with dioxygen have also served as useful
153 154model systems. Kimura and coworkers ' have recently 
reported a reaction of a Ni(II) pentadentate macrocycle,




This system is proposed as a model for biological 
monooxygenases, as dioxygen bound to the nickel centre can 
be directly incorporated into a non activated aromatic ring 




[Ni (III) (39) (02 ) ] + [Ni (39) ] 
[40]
Anson and coworkers''^ and Endicott and coworkers”'
have observed (j,-peroxo bridged cobalt cyclam complexes,
4 +[[Co(cyclam)]2 02] , which are regarded as a model for the
intermediates formed in the reduction of C>2 using dimeric
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cofacial Co(II) porphyrins„ Coordination of the cobalt
macrocycle at both ends of the peroxo dianion did not
result in activation of the 0-0 bond to enable a 4 electron
reduction to occur; H 2°2 WaS on-'-̂ Pro<̂ uct detected on
reduction of the p-peroxo dimer.
Reaction of dioxygen with the first row metals Cr+Cu
are generally mechanistically well understood with the
notable exception of Ni. Contradicting reports of the
reaction of Ni(I) macrocycles with 0^ are discussed in
Section 6.1.2. In an attempt to clarify the mechanism
the interaction of 0^ in MeCN solution with [NHj]+ ,
L=CracHMC,TMC, was investigated. Further impetus for the
study of reactions of Ni(I) macrocycles is gained from the
characterization of Factor F430 found in methane forming
bacteria as a Ni complex of an unsaturated tetraaza macro- 
1 2cycle . Preliminary results implicate both the Ni(I) and
1 57Ni(III) oxidation states in their mechanism
6.1.2 The Reaction of Ni(l) Macrocycles with Dioxycren
Several conflicting and ill defined reports of the
interaction of dioxygen with Ni(I) macrocycles have been
. . . .  .. ... . 39, 1 1 1 , 1 58, 1 59 , 160described in the literature .
39 +Balac and Espenson in the preparation of [Ni(TMC)]
in aqueous solution electroreduced the Ni(II) precursor to
only ca. 50% completion to avoid contamination with 0 2 * A
reaction of with [Ni(TMC)]+ forming unidentified yellow
products believed to be oxo- or peroxo nickel species was
observed if electrolysis was prolonged.
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Hayon et at. monitored the rapid reaction 
(Kob s= 1  • 6x1 O^M 1 S  "* )  of [Ni (HMC) ]  + , generated by pulse 
radiolysis in neutral aqueous solution, with dioxygen.
Results indicated that the reaction proceeded via an outer 
sphere electron transfer path generating 0 2 [41]
+ 2 + —[Ni (I) (HMC) ] + C>2 [Ni (II) (HMC) ] + C>2 [41]
Any reaction of 0^ with Ni(II) was not competitive and
6 ” 1 “1had a rate constant of <10' M s . From pulse radiolysis
experiments Meyerstein produced results in agreement with
the above findings. No Ni(III) complexes were detected
1 1 1for the final products of the reaction
16 0In contrast Pletcher proposed that the reaction of
N i (I ) Schiff base complexes eg. [Ni(42)]+ with dioxygen in
acetonitrile is not a simple electron transfer reaction.
In the presence of low concentrations of dioxygen the
reduced species reacted very rapidly as indicated by
distinctive colour changes. Cyclic voltammetric experiments
showed that the precursor Ni(II) complexes were only reformed
in low yield. Using polarography and spectrophotometry
1 59Olson and Vasilevskis characterized a green to blue 
colour change with the unusual stoichiometry, [43].
[Ni (HMC) ] + + "'/3 O 2 products [43]
A pale purple species isolated gave analysis figures consis­
tent with a 1:1 nickel-dioxygen complex, [Ni(HMC)(02 )]BF^.
In comparison with the rapid and often uncontrolled
158
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reactions mentioned above, the effective stabilization of
Ni(I) macrocyclic species by careful selection of macro-
cyclic ligand has been achieved by the Meyerstein and
Sauvage groups ̂  ̂   ̂  ̂ . Using a decamethyl substituted
cyclam derivative, (38), Meyerstein stabilized Ni(I) in an
oxygen free aqueous solution. The combined steric bulk
of the ten hydrophobic methyl groups effects stabilization
of the low oxidation state. Using two interlocking
coordinating rings, each cycle containing the 2,9-diphenyl-
1611,1O-phenanthroline fragment, (44), Sauvage , prepared an
air stable Ni(I) complex, [ISIi (44) 2  ̂+ - unique redox
stability of E x = -0.55V vs ferrocene/ferrocinium for the 
2
Ni (II) / (I) redox couple in CH^C^, is ascribed to the 
topological effect of the tetrahedral geometry around Ni(I) 
interlinked by the catenand macrocycle.
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In the light of the extensive variation in experimental 
results observed, a reinvestigation into the reaction of 
N i (I) with dioxygen was instigated. An extension of this 
to include the potentially isoelectronic reactions of 
superoxide with Ni(II) macrocycles was also undertaken.
As many of the proposed intermediates are paramagnetic, 
e.s.r. spectroscopy was extensively used in their charac­
terization.
6.1.3 The Reaction of Ni(II) Macrocvcles with Superoxide
16 2Simic and Hoffman were able to prove from a pulse 
radiolytic study that the initial product formed by the 
reaction of superoxide with the d 7, Co(II) tetraaza macro­
cycle [Co(11)]^ + was the same product as from the iso­
electronic reaction of d 8, [Co(11)]+ with dioxygen [45].
With similar rationale, it was proposed to study the 
potentially isoelectronic reactions of d 8, Ni(II) with 
superoxide and d 9, Ni(I) with dioxygen in order to investi­
gate the proposed nickel-dioxygen species [46].
Several other studies into the reactions of superoxide 
with transition metal macrocycles and porphyrins have been
[Co(I) (11)] + + n +
[Co (II) (11)] 2 +




Ozawa and Hanaki found that in dmso [Ni(TPP)] and 
[Pd(TPP)] did not produce adducts with Superoxide"'^. 
Using the nickel(II) Schiff base complexes [Ni(42)] and 
[Ni(47)]^ + Jager"' ̂ ' "* ̂  and C r o s ^ ^  have monitored their 
reaction with superoxide.
R1 =H,COOEt 





Addition of [Ni(42)] to 0  ̂ in acetonitrile at 240K
slightly alters the e.s.r. g tensors of superoxide, 
shifted g values, g n  = 2.101, g x=2.009 are due to the
The
proposed formation of a N i (II) superoxo complex [Ni(42) (0^)] 
A similar e.s.r. spectrum was obtained on allowing a trace 
amount of dioxygen into a sample of [Ni(I)(42)] , a ligand
to metal electron transfer is proposed forming [Ni(II)(42)-
io > r .  1 6 7
6.1.4 Characterization of Paramagnetic Nickel Species using
E.s.r. Spectroscopy
E.s.r. spectroscopy can establish whether an unpaired
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electron in a transition metal complex belongs primarily 
to the metal or to the ligand. In certain cases further 
information such as the electronic ground state, complex 
geometry and mode of coordination of ligand substrates can 
be inferred. E.s.r. has proven to be a particularly useful
probe for the relatively long lived d 7, Ni(III) and d 9,
,T , -i . 18,168,169Nr (I) radical species
For low spin d 7, Ni(III) with neutral, saturated
quadridentate macrocyclic ligands, spectra can be interpreted
using the assumption of a tetragonal distorted octahedral
coordination around Ni(III) (£4 ^ symmetry). With the
macrocycle occupying four equatorial positions and two
solvent molecules in axial sites the ground state configuration
17 0is usually (d 2 )1 (d 2 _ 2 ) 0 According to Maki et al. the z x y •
g factors are given by [48].
= 2 - (6A/a)' ' [48]
g = 2
- 1Where X = the spin orbit coupling constant (-715 cm for
the free ion) and A = energy gap between 
d 2 -d (or d 2-d ).
Z  y Z  Z  X Z
Since X is .negative g_i>gii. Many paramagnetic d 9 , 
Ni(I) species have gii>g_i suggesting an axial field with a 
(dx 2 _y 2 ) 1 ground state.
Caution must however be employed in the interpretation 
of spectra on several accounts. Ni(I) species can be 
diamagnetic due to the presence of a Ni-Ni bond in a dimeric
152
124 129structure ' . Several examples of Ni(III) spectra
with gj_<gi i are known. Neutral polvdentate macrocyclic
ligands with very large, 18-, or small / 1 2 - membered polyaza
rings, eg. (49) and (24) , give gA < g n  due to a respective
1 27tetragonal compression or folding of the macrocycle
Dianionic macrocycles with it  electrons delocalized over
the ligand framework such as the Jager macrocvcles (50)
1 8also give g«L<gii
H / 1,H-N  N
H
(49) (50)




The cyclic voltammogram of C-rac-[Ni(HMC)] in aceto-
nitrile shows two quasi reversible one electron redox
processes. A quasi reversible one electron oxidation at
Epa = +1.14V, Epc = +0.98V, XE^ = +1.06V, AEp = 160mV
and a quasi reversible one electron reduction Epc = -1.63V
Epa = -1.49V, 1 E i = -1.56V, AEp = 140mV were recorded.1
The large peak to peak separations have been noted and
18 171discussed previously '
(ii) Electrosynthesis
Electrogeneration of C-rac-[Ni(HMC)]2+ at a platinum 
gauze at -1.60V under a constant stream of argon gives a 
pale green solution of [Ni(HMC)]+ . The Ni(I) species 
generated at this extreme cathodic reduction potential is 
very reactive. On all occasions contamination by small
amounts of extraneous dioxygen containing species was
observed in the e.s.r. spectrum.
Electrogeneration of C-rac- [Ni(HMC)]3 + at a platinum
gauze at +1.50V gives the stable Ni(III) species, C-rac-
[Ni(HMC)(MeCN)2]3 + / first fully characterized by Busch 
1 8and coworkers . The yellow/green solution (X = 4 0 1 ,J max
340nm) as an acetonitrile glass at 77K gives an axially 
symmetric e.s.r. signal g_i = 2.199, g n  = 2.031, with coupling 
to two equivalent nitrogen atoms from axially coordinated 
acetonitrile solvent molecules to give a 1:2:3:2:1 intensity 
quintet, A n  =20G (Figure 6.2.1).
6.2.2 The Reaction of C -vac - [Ni(HMC)1+ with Dioxygen
Reaction of dioxygen with C-rac- [Ni(HMC)]+ at 230K produces 
a pale green solution. Although thermally unstable at tem­
peratures above 230K, this reactive species was consistently 
formed in repeated reactions. The e.s.r. spectrum of the 
green solution shows an anisotropic signal, gj^=2.19, g n = 2 . 0 5  
(Figure 6 .2.II) suggestive of a Ni(III) complex (of.
[Ni (HMC) (MeCN) 2] 3+ g^=2.199 gn=-2.031, A n  = 20G). No
hyperfine structure is observed from either the first or 
second derivative e.s.r. spectrum in the g n  region of 
Figure 6 .2.II, suggesting no coordination of solvent aceto­
nitrile molecules. The e.s.r. spectrum may be tentatively 
assigned to the formation of a Ni(III) species in which 0^ 
is bound to two vacant sites of the nickel centre with a 
proposed n 2 coordination. A two electron metal to ligand 
electron transfer reaction is proposed to occur to give a 









































Figure 6 .2.Ill E.s.r. spectrum of 
the product of the reaction of
C-rac-[Ni(HMC) 2 +
equivalent conditions






Further characterization of this product is hampered by its 
reactive nature and therefore reactions of superoxide with 
nickel macrocycles were investigated in a parallel study 
(Section 6.2.3).
The two electron Ni(I)/(III) redox couple proposed for 
the reaction of dioxygen with Ni(I) has also been suggested 
to be involved in the addition of alkyl bromides with Ni(I) 
tetraaza macrocycles^ ' [51].
[Ni (I) L] + + RBr -> [RNi (III) L (Br) ] + [51]
The ability of nickel to function as a multi electron
redox centre has been demonstrated in the nickel enzyme
hydrogenase isolated from Chvomatium vino sum. E.s.r. studies
have implicated the III, II, I and possibly zero-valent
1 57oxidation states in its mechanism
6.2.3 The Reaction of C-rac-[Ni(HMC)1 with Superoxide
(i) Generation of Superoxide
The superoxide ion, C>2 t is readily generated at -1.60V 
at a platinum gauze by electrogeneration of a constant stream 
of dioxygen in acetonitrile containing 0.1M TBAPFg as 
supporting base electrolyte. The species is stable for
1 58
several hours in aprotic solvents at room temperature 164
and can be characterized by UV/vis spectrophotometry,
A = 251nm, and e.s.r. spectrometry, gn=2.107 gi_=2.0 06max
in acetonitrile/O.1M TBAPF, solution at 77K.b
(ii) Reaction of C-vao-[Ni(HMC)12 + with Superoxide
On mixing degassed acetonitrile solutions of C-rac- 
[Ni(HMC)]2+ with 0 2 at 230K results in an almost immediate
formation of a pale green solution which is stable at 273K 
for several minutes. The e.s.r. spectrum shows the total 
loss of the initial characteristic superoxide spectrum and 
the formation of a new anisotropic signal, g_i=2.194, 
gi i = 2. 056 , with no discernible hvperfine coupling to either 
the g u  or gĵ  features (Figure 6 .2.III). Comparison with 
Figure 6 .2.II, the reaction of [Ni(HMC)]+ with dioxygen shows 
the two spectra to be essentially identicg.1 .
The fact that other investigators have found only small 
shifts in superoxide e.s.r. g tensors on reaction with 
nickel(II) complexes to form proposed nickel(II)-superoxo
is not due to an analogous species. An inner sphere 
electron transfer reaction is therefore proposed to form a 
formal nickel(III)-peroxo species.
[Ni (I) (HMC)]+ + 0 2
[Ni(HMC)02]+ [52]
pale green 
g_i = 2.19 gii = 2.056




2 .III E.s.r. spectrum of the product of the reaction 
of C-rac-[Ni(EMC)]^+ with 0 , measured at 77K
in CH-.CN/ 0 . 1M TBAPF------ j--------------- f)
3.IV E.s.r. spectrum of the product of the reaction o
C-rac-[6 1 Ni(EMC)]2 + with 0 , under ecruivaleni
conditions
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For further confirmation of the proposed predominantly 
metal centred radical species, the reaction of a sample 
isot.'optically enriched to 62% with 61Ni was studied. Reac­
tion of C-rac-[6 1 N.i(HMC)] with gave an e.s.r. spectrum
with identical g tensors to that obtained with the un­
enriched sample.
3Additional coupling due to 5 1 Ni, 1= was observed in 
the ĝ _ region. The first and fourth features are discer­
nible giving A_i=37G (Figure 6 . 2. IV). Although a general 
broadening of the g n  signal is noted, no clear hyperfine 
coupling is observed. A similar result was obtained for
[slNi( 4 )2 ]^+ where Aj. = 37G and the Aii feature remained 
17 2unresolved . Broadening of the gi_ and g n  features has
1 73been also observed by McAuley and coworkers for 
[61Ni (7) 2J ̂  + ; neither resolution of A n  or Ai_ was possible.
6.3 Reactions Using [Ni (TMC) ] ̂  + /> +
6.3.1 Electrochemistry
(i) Cyclic voltammetry
The cyclic voltammogram of [Ni(TMC)]^+ in acetonitrile
shows two one electron redox processes. A quasi reversible
one electron oxidation at Epa = +1.38V, Epc = +1.28V,
1 E i = +1.33V AEp = 106mV and a reversible one electron 
2
reduction Epc = -1.205V, Epa = -1.135V 1 E 1 = -1.17V,
2
1 9AEp = 70mV were recorded in agreement with previous studies ' 
3 6 Separation of the two redox potentials by 2.50V is 
similar to that of other neutral tetraaza macrocyclic nickel 
complexes.
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Electrogeneration of [Ni(TMC)]^f at a platinum gauze 
at -1.20V under a constant stream of argon gas gives a pale 
green solution, the e.s.r. spectrum at 77K as an acetonitrile 
glass shows an anisotropic signal due to a d 9, Ni(I) species, 
g n  = 2.319, g_i=2 . 074 (Figure 6.3.1). A repeated electro­
generation using an enriched sample of 51Ni gives equivalent 
g tensors to the unenriched sample with additional hyperfine 
coupling due to 61Ni (1-^/  ̂) , A u  = 62G, Aj_=27G (Figure 6 . 3. II), 
confirming the predominantly metal centred nature of the 
reduction.
Attempts to bulk electrogenerate significant amounts of
the [Ni(TMC)]^+ species were unsuccessful. A highly reactive
orange coloured solution was formed at a platinum gauze at
+1.50V which decomposed to diamagnetic products. With a
rapid syringing technique an e.s.r. spectrum of a dilute
sample was obtained. A complex anisotropic signal was
detected at high sensitivity. Clearly evident in the g n
region was a 1:1:1 intensity triplet, A n  = 18G, indicative
of one nitrogen, (1 = 1 ), of a coordinated solvent acetonitrile
molecule bound in a five coordinate complex. The failure
to stabilize the Ni(III) oxidation state by several related
N-alkyl substituted tetraaza macrocycles has also been
1 9noted by other workers
6.3.2 The Reaction of [Ni(TMC)1+ with Dioxygen
On addition of dioxygen to an evacuated e.s.r. tube of 
[Ni(TMC)]+ at 230K gives no noticeable solution colour change.
(ii) Electrosynthesis
Figure 6.3.1 E.s.r. spectrum of [Ni(TMC)]+ generated electrochemically
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Figure 6 .3.II E.s.r. spectrum of 62% enriched [slNi(TMC)] under
equivalent conditions
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The characteristic d 9 axial symmetric spectra of [Ni(TMC)]+ 
changes to a spectrum of rhombic symmetry, g x=2.294, 
g 2=2.214, g 3=2.095 (Figure 6 .3.III). These three features 
are consistently obtained on repeating the reaction. An 
unassigned further feature at g=2.04 is apparent in several 
spectra. It appears to be at a maximum intensity on initial 
mixing, diminishing over a period of time at 230K. Repeating 
the reaction with [6 1 Ni(TMC)]+ gives an e.s.r. spectrum with 
equivalent g tensors although all features are slightly 
broadened. Indications of hyperfine coupling of 61Ni are 
apparent around the gi=2.29 region (Ai=33G), of similar 
magnitude to the [ 5 1Ni (EMC) C>2 1 + labelling experiment (Figure 
6.3. V ) .
6.3.3 The Reaction of [Ni(TMG)12+ with Superoxide
Addition of [Ni(TMC)]^+ to a degassed acetonitrile solu­
tion of superoxide ion at 230K results in an immediate 
green solution colour on mixing, stable for several minutes 
at 230K in a similar manner to that found for C-raa-[Ni (HMC)]^+ . 
The e.s.r. spectrum of the green solution showed a non 
axially symmetric species with equivalent g tensors observed 
for the [Ni(TMC) ] + + 0 2 reaction, with g!=2.288, g 2=2.209, 
g 3 = 2.09”1 (Figure 6 .3.IV). Repeating the reaction using the 
enriched 6''Ni analogue, [ 6 1Ni (TMC) ] ̂  + , gave the same tensors 
to those obtained above. Tentative evidence for hyperfine 
coupling of 61Ni was observed around the g x=2.29 region
(Figure 6 .3.VI). All features of the spectrum broadened in
172 173common with previous results ' hindering the measurement 
of 51Ni hyperfine coupling constants.
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Figure 6 .3.Ill E.s.r. spectrum of the product of the reaction of
[Ni(TMC)]
CH-CU/0.1M TBAPF^  J--------------- o
with O ^ r measured at 77K in
g2
9i
, 200 G ,
I !I |
I I !i !I I! I
Figure 6.3.IV E.s.r. spectrum of the product of the reaction of o + _[N i (T M C )] with 0 ^ , under equivalent conditions
Figure 6
Figure 6 .
3 . V E.s.r. spectrum of the product of the reaction pj —  - _
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[ b iNi (TMC) ] with 0 n , measured at 77K in CH oCN/0.1M TBAPF,z. - j----- - ----  c
200 G
3.VI E.s.r. spectrum of the product of the reaction of 
[ 6 1Ni (TMC) ] 2+ with 0~ , under equivalent conditions
6.4 Conclusion
Tentative assignments for the formal N i (III)-peroxo
species [NiLiC^)]*, L = C-rac-HMC or TMC are proposed from
experiments using the two isoelectronic reactions, [52],
and 61Ni isotropic labelling experiments. Of note is the
apparent ability of [Ni (TMC) ] ̂  + //+ to form a formal Ni (III)
species on reaction with dioxygen or superoxide, while the
3 + "attempted bulk electrogeneration of " [Ni(TMC)] leads to 
a reactive, unstable orange coloured species in acetonitrile. 
Due to the very reactive nature of the precursor N i (I) com­
plexes and also the nickel-dioxygen products, difficulties 
are encountered in further characterization of the species 
formed. To aid in the establishment of a nickel dioxygen 
interaction it is proposed to use labelled 1 7 anc  ̂ 1 7 ° 2  
(I = ^12 ) ;'-n combination with 6 xNi in further e.s.r. 
experiments.
6.5 Experimental
Microanalyses, infrared and n.m.r. spectra were obtained 
as described in earlier chapters. Cyclic voltammetric and 
electrosynthetic studies were carried out using apparatus 
described in Chapter 4.
Reagents
62% isotopically enriched 61Ni metal foil was obtained
from AERE, Harwell. Superoxide ion was produced by
electrogenerating a stream of 0„ gas in CH-.CN/0.1M TBAPF,Z 3 b
for 10 minutes at -1.60V, degassed and stored in e.s.r. tubes
166
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frozen at 77K. The species is characterized by its 
e.s.r. signal at 77K (gix=2.107, g_^=2. 006).
The free ligands C-rac- and C-meso-5,5,7,12,12,14~ 
hexamethyl-1,4,8 ,11-tetraazacyclotetradecane (C-rac- and 
C-meso-HMC) and the nickel complexes. C-rac- and C-meso- 
[Ni(HMC)] (BF.)~ were prepared by the method of Busch and
6 1Ni (NO,, ) .
6xNi foil (80 mg, 1.31 mmol) was dissolved in 70% w/w 
nitric acid (5 c m 3). After ca.15 minutes all the metal was 
in solution. After gently boiling off most of the solution 
the product was allowed to slowly crystallize out. The
green solid was washed with ethyl acetate and dried in vacuo.
Yield 362 mg (ea.95%).
[ 6 xN i (TMC)1 (PFC)2
6 1 Ni(NO^)•6 H 2 O (100 mg, 0.34 mmol) and TMC ( 8 6 mg, 0.34 
mmol) were refluxed for 9 hours in ethanol (100 c m 3). 
Addition of NH^PFg gave a pale pink precipitate that was 
recrystallized from methanol to give a pale purple micro­
crystalline solid. Yield 190 mg, 0.31 mmol, (92%).
Analysis: Required for NiC^ 2 F -|2
C 27.8 H 5.3 N 9.3%
Found C 28.3 H 5 . 3  N 9 . 6 %
s 1 N i (O^CMe) .4H20
61Ni (NO^)2 •6H20 (100 mg, 0.34 mmol) was dissolved in
168
H 20 (5 c m 5). An aqueous solution of Na 2 CC>3 was added 
until precipitation was complete. The resulting solid 
was filtered and air dried. Dilute acetic acid (3 c m 3) 
was added and. the solution was boiled for 30 minutes. On 
cooling the product was allowed to slowly crystallize out. 
The pale green solid was washed with cold ethanol and dried 
■in vacuo. Yield 50 mg, 0.2 mmol « (58%) .
C-vac- [ 6 1Ni (HMC) 1 (BF^
e 1 Ni(0 2 CMe) 2 .4H20 (50 mg, 0.2 mmol) and C-rae-HMC.H 20
(61 mg, 0 . 2  mmol) were dissolved in methanol ( 2 0 c m 5) and
refluxed for 13 hours to give a blue solution. Addition
of NaBF and 40% HBF. (2 ml) gave an intense yellow solution 4 4
from which a yellow solid was isolated on standing. The 
product was recrystallized from water. Yield 25 mg, 0.0,5 
mmol , (25%) .
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bicyclo[1 T3.1]heptadeca-1,(17),13,15-triene} shows octahedral RuM co-ordinated to the pyridine-2,6-diyl macrocycle 
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Synthesis of Platinum Metal Macrocyclic Complexes incorporating a Pyridine-2,6-diyl 
Moiety. The Single Crystal X-Ray Structure of c/s-[RuMCI(C0)(L)](BPh4) {L =  2,7,12- 
trimethyl-3,7,11,17-tetra-azabicyclo[11.3.1]heptadeca-1,(17),13,15-triene}
Alexander J. Blake, Tim othy I. Hyde, Rodney S. E. Sm ith, and Martin Schroder*
Department o f Chemistry, University o f Edinburgh, West Mains Road, Edinburgh EH9 3JJ, Scotland, U.K.
The single crystal X-ray structure of [RuMCI(CO)(L)](BPh4) {L = 2,7,12-tnmethyl-3,7,11,17-tetra-aza- 
bicyclo[11.3.1]heptadeca-1,(17),13,15-tnene} shows octahedral RuM co-ordinated to the pyridine-2,6-diyl macrocycle 
and to m utually c/'s chloro and carbonyl ligands; the syntheses of the related complexes frans-[MCI2(L)]+ (M = RhMI 
or lrMI) and [M(L)]2+ (M = PdM or Pt") are reported.
M etal m acrocyclic com plexes are  genera lly  highly th erm o d y ­
nam ically stab le  and  k inetically  in ert system s. T h e  m acrocycle 
can th e re fo re  be  reg ard ed  as a p ro tec tin g  g ro u p  for the  m etal 
cen tre  con tro lling  its s te reo ch em ica l, e lec tro n ic , and redox  
p ro p erties . T he b ind ing  of p la tinum  g ro u p  m eta ls to m acro- 
cyclic ligands, to form  stabilised  species w ith specific labile
sites fo r su b s tra te  c o -o rd in a tio n  and  ac tiv a tio n , is an  a rea  of 
g rea t p o ten tia l in th e  d ev e lo p m en t o f  new  cataly tic  sy s tem s.1-2 
A s p a r t o f  a g en era l study  of th e  b ind ing  o f p la tin u m  m etals to 
m acrocyclic  species, w e have inv es tig a ted  th e  com plexation  of 
p y rid ine-2 ,6 -d iy l-con tain ing  m acrocycles to  a range o f metal 
cen tres , and  re p o rt  h e re  th e  single c rystal X -ray  s tru c tu re  of a
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R u 11 carb o n y l p ro d u c t, to g e th e r w ith th e  syn thesis o f som e 
re la te d  p la tin u m  m eta l species.
T h e  m ajo rity  o f  ru th en iu m  m acrocycles a re  based  on 
p o rp h y rin  a n d  p h th a lo cy an in e  lig an d s.3 M o re  recen tly  com - 
p lex a tio n  to  sa tu ra te d  te tra -a z a  m acrocycles has b een  d ev el­
op ed  lead in g  to  th e  s tab ilisa tio n  o f new , h ig h -ox ida tion -sta te  
co m p lex es.2-'1-5 P o o n  an d  C h e , h o w ev er, have re p o rte d 6 an 
un usual tem p la te  syn thesis o f th e  Jt-accep to r d i-im ino ligand
(1) a ro u n d  ru th en iu m  to  give a low  valence  species 
[R u( 1 )(O H 2)]2+. W e hav e  a tte m p te d  to  resyn thesise  this 
com plex by th e  p u b lish ed  p ro c ed u re , bu t have b een  unab le  to 
p re p a re  p u re  sam p les o f  [R u ( l ) ( O H 2)]2+, th e  m a jo r p ro d u c t 
iso la ted  show ing  b an d s in th e  i.r . sp ec tru m  assignable  to  v NH 
and v c o  stre tch in g  v ib ra tio n s ind ica tive  o f on ly  partia l 
co n d en sa tio n  o f th e  m acrocyclic  p ro d u c t. T h e re fo re , we have 
u n d e rta k e n  a study  o f m eta l in se rtio n  reac tio n s in to  the  
re la te d  te tra -a z a  m acrocycle  (2 ) ,7 lead ing  tow ards an a lte rn a ­
tive syn thesis o f  low  va len ce  com plexes o f (1).
[R u C l2(N C M e)4] w as tre a te d  w ith one  eq u iv a len t o f (2) in 
reflux ing  e th a n o l u n d e r  C O  fo r 24 h. F u rth e r  reflux  fo r 24 h 
u n d e r N 2 gave a d a rk  o ran g e  so lu tio n  and  ad d itio n  o f N H 4P F 6 
or N a B P h 4 y ie ld ed  th e  c o rre sp o n d in g  salts o f [R u C l(C O )-
(2 )]+ (by e lem en ta l analysis; 1 :1  e lec tro ly te  in M e N 0 2; vco  
1930 c m - 1 , K B r disc) in up  to  60%  yield. R ecrysta llisa tion  
from  M e N 0 2 y ie lded  red -b ro w n  crystals o f [R uC l- 
(C O )(2 )](B P h 4), a  single crystal A '-ray s tru c tu ra l analysis o f 
which w as u n d e r ta k e n  to  confirm  th e  co -o rd in a tio n  and  
co n fo rm a tio n  o f th e  c o m p le x .t
F ig u re  1 show s th e  s tru c tu re  o f  th e  [R u C l(C O )(2 )]+ cation . 
T h e  s tru c tu re  show s ru th en iu m (n )  co -o rd in a ted  to  all fo u r 
n itro g en  d o n o rs  o f (2), w ith th ree  n itro g en  d o n o rs  b o u n d  
eq u a to ria lly , R u -N (3 )  2 .116(9 ), R u - N ( l l )  2 ,106(9), R u -  
N (17) 2 .038(8) A, and  th e  fo u rth  d o n o r, N (7 ), b e n t aw ay to
f  Crystal data^_ C 17H 28C1N4O R u + • C24H 20B U  M  =  760.2, triclinic, 
space group P I, a =  9.9854(17), b =  11.6723(22), c = 16.558(3) A, a  
=  72.124(19), p =  89.210(15), y = 82.200(15)°; U =  1818.9 A3, D c =  
1.388 g cm ~3, Z  =  2, 4767 data  m easured  to 0 =  22.5°, refinem ent 
based on 3757 d a ta  with F  &6.0a(F). A t convergence R  and R w = 
0.0670 and 0.0948 respectively for 227 param eters. For structure 
solution, a P atterson  synthesis yielded the Ru position and successive 
least-squares and difference F ourie r syntheses gave the rem aining 
atom ic positions .8 U nusually , the B Ph4~ groups are d isordered , the 
d isorder being readily m odelled  with the B atom  and one phenyl ring 
o rdered  and each atom  of the th ree  rem aining phenyl rings occupying 
two sites equally. F or refin em en t , 8 hydrogen atom s were included at 
fixed, calculated positions; at convergence, the difference electron 
density m ap show ed no fea tu re  above 0.84 e A“3.
The atom ic co-ordinates for this w ork are available on request 
from  the  D irec to r o f the C am bridge C rystallographic D ata 
C en tre , U niversity Chem ical L abora to ry , Lensfield R oad, Cam bridge 
CB2 1EW . A ny request should be accom panied by the full literature 
citation for this com m unication.
Figure 1. Views of the crystal structu re o f [R uC l(C O )(2)]2+. In (b ), 
N ( l l )  is eclipsed by N (3) and C (12A ) by C(2A ).
bind  a t an  axial p o sitio n , R u -N (7 )  2 .138(8) A. T his lead s to  a 
u n ique  fo ld ed  c o n fo rm a tio n  be ing  a d o p te d  by (2) (F ig u re  lb ) .  
M utually  cis ch lo ro  and  carbony l ligands, R u -C l 2 .422(3), 
R u -C  1.830(10) A, r% R u - C - 0  175.2(9)°, co m p le te  th e  
essen tia lly  o c tah ed ra l co -o rd in a tio n  a ro u n d  ru th en iu m (n ) 
w ith th e  carbony l ligand trans to  th e  pyridyl N (17) d o n o r, and 
Cl trans to  N (7 ); ¿ _ N (1 7 ) -R u -C  174.4(4), C l-R u -N (7 )
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179.2(2), C l-R u -N (1 7 )  85 .9(2), C l - R u - N ( l l )  87 .5(2), C l-  
R u -N (3 ) 86 .6 (2 ), C l-R u -C  88.6(3)°. T h is com plex  rep re sen ts  
the  first exam ple  o f  ru th en iu m  b in d in g  to  a pyridyl m acrocycle 
and also in co rp o ra te s  m u tu a lly  cis ch lo ro  and  carbony l ligands 
w hich is a co -o rd in a tio n  m o d e  n o t o b se rv ed  prev iously  fo r 
ru then ium  m acrocycles, a lth o u g h  re la te d  species have  been  
p ro p o sed , b u t n o t co n firm ed , fo r ru th en iu m  p h th a lo cy an in e  
and po rp h y rin  co m p lex es.9 In terestin g ly , cw -co-ord ination  
has b een  fo u n d  also  fo r th e  p ro d u c ts  [RuC12(L )]+ (L  =  
cyclam )5 and  [RuC12(L)] (L  =  1 ,4 ,8 ,1 1 -te tra th iacy c lo te tra - 
d e ca n e )10 suggesting  th a t such  co -o rd in a tio n  m ay  b e  m ore  
read ily  availab le  fo r ru th en iu m  m acrocycles th an  is assum ed 
curren tly .
T he above w o rk  has b een  e x te n d ed  to  th e  in se rtio n  o f o th e r  
p la tinum  g ro u p  m eta ls  in to  (2). T h u s reac tio n  o f MC13 (M  =  
R h m o r I rm ) w ith (2) in re flux ing  e th a n o l fo r 6 and 24 h 
respectively , fo llow ed  by  ad d itio n  o f P F 6-  c o u n te r-io n  y ielded  
the  com plexes [MC12(2 )](P F 6) w hile th e  com plexes o f  type 
[M (2)]2+ (M  =  P d 11 o r P t11) have  b een  p re p a re d  by reac tio n  of
(2) w ith P d ( 0  A c)2 an d  P tC l2 in  d ich lo ro m eth an e  fo r 24 h and 
e th an o l fo r 72 h respec tive ly .
T h e  su b s titu tio n  chem istry  and  red o x  and  e lectro n ic  p ro p e r­
ties o f th is new  range  o f p la tin u m  g ro u p  m eta l m acrocyclic 
com plexes a re  u n d e r investiga tion .
W e th a n k  th e  S .E .R .C . fo r su p p o rt, th e  S .E .R .C . and  B .P . 
C hem icals fo r a C .A .S .E . aw ard  (to  T . I. H .) ,  and  Joh n so n - 
M a tth ey  P .L .C . fo r  loans o f p la tin u m  m etals.
Received, 31st O ctober 1985; C om . 1534
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Stabilisation of Trivalent Platinum by Structurally Accommodating Thiamacrocycles
A lexander J. Blake, Robert O. Gould, Alan J. Holder, T im othy I. Hyde, Aidan J. Lavery, M obolanle O. Odulate, 
and M artin  Schroder*
D epartm ent o f  Chemistry, U n ivers ity  o f  Edinburgh, West M ains Road, Edinburgh EH9 3JJ, Scotland, U.K
The com plex cation [Pt(1)2]2+ [ ( 1) = 1,4,7-trithiacyclononane] shows a quasi square based pyram idal structure w ith  
one non-bonding su lphur donor atom ; electrochemical ox idation at +0.5 V. vs. Fc°/Fc+ (Fc = ferrocene) at 20 3C in 
MeCN affords a param agnetic platinum(w) species.
T h e  m a jo rity  o f  p la tin u m (m ) c o m p o u n d s are  d iam ag n etic  
P t-P t  d im e rs .1’2 Few  m o n o m e ric  p la tin u m (m ) species have 
b e en  g e n e ra te d ,  th e  w e ll-d o c u m e n ted  ex am p les includ ing  
[P t(C 6C l5)4] - ,3 [P t(L )2]+ (L  =  d ip h en y lg ly o x im a te ),4 an d  
[P t(d iam sa r)]3+ (d iam sa r =  l,8 -d iam in o -3 ,6 ,1 0 ,1 3 ,1 6 ,1 9 -
h e x a -a za b icy c lo [6 .6 .6 .] ic o sa n e ).5 In view  o f  th e  ab ility  o f 
m acrocyclic  ligands to  s tab ilise  u n u su a l, o th e rw ise  u n stab le  
m eta l o x id a tio n  s ta te s , we u n d e rto o k  a  study  o f th e  red o x  
ch em istry  o f p la tin u m (n )  m acrocyclic  com plexes and  re p o rt  
h e re  s tru c tu ra l a n d  e lec tro ch em ica l re su lts  on  the  h o m o lep tic  
b is-m acrocyclic  sp ec ies  [ P t ( l ) 2]2+ [(1) =  1 ,4 ,7 -trith iacy clo n o ­
n ane].
R e ac tio n  o f P tC l2 o r  K 2[P tC l4] w ith  tw o m o la r e q u iv a len ts  
o f  (1) g ives, on  ad d itio n  o f  N H 4PF6, th e  co m plex
[ P t ( l ) 2](P F s)2 in 70%  y ield . A  single crysta l A -ray  s tru c tu re !  
o f th e  p ro d u c t show s tw o in d e p e n d e n t ca tio n s and  fo u r P F ft~ 
an io n s p e r  a sy m m etric  un it o f  th e  m o noclin ic  cell. V iew s of
t  Crystal data for [P t(l)„ ](P F 6)-,: C n H ,4 PtS62 +2PFfi'  m onoclinic, 
7*21 , a = 11.848(4), b = 17~817(6)‘ c =  11.750(11) A, p =  98.06(4)°, U 
=  2456 A3, D c.llc =  1.77 g c m -3 , Z  =  4; 3515 d a ta  m easured  to 0 = 
22.5°, refinem ent based  on 2721 data  with F 3  6a(F). A t convergence, 
R ,/?w =  0.044, 0.048 respectively for 354 p aram eters. R eflections with 
h + I = 2n w ere much stronger than  o thers, indicating tha t the two 
independent Pt atom s are related  by a pseudo B-centring. A pprox i­
m ate positions derived from  a Patterson  synthesis w ere used as input 
to D .I .R .D .I .F . 6 which fixed both  the origin and the enan tiom orph  of 
the struc tu re , and two subsequen t rounds located the  o th e r  64 
non-hydrogen atom s in the structu re. T he data  were correc ted  for 
absorp tion  using D .I .F .A .B .S . , 7  hydrogen atom s w ere included in 
calculated  positions, and Pt, P, and S atom s w ere refined anisotropic- 
allyri A t convergence, the d ifference m ap show ed no featu re above 
0.7 e A“3. A tom ic co-ord inates, bond lengths and angles, and  therm al 
param eters have been deposited  at the C am bridge C rystallographic 
D ata  C entre . See Notice to A uthors, Issue No. 1.
Figure 1. Single crystal X -ray  structu re o f (P t( I )2p~  with num bering 
schem e adop ted .
the  tw o  in d e p e n d e n t ca tio n s a re  show n in F igu re  1. In b o th  
cases th e  P t a to m s a re  c o -o rd in a te d  by fo u r su lp h u r a to m s 
from  tw o  ligands in a sq u a re  p la n e  (P t-S  =  2.25— 2.30  A; 
Z_SPtS =  88 .1— 91.5°). A n  e lo n g a ted  sq u a re  p y ram id al 
c o -o rd in a tio n  is ach iev ed  in b o th  cases by the  th ird  su lp h u r 
d o n o r in o n e  o f  th e  m acrocycles co -o rd m a tin g  ap ically  (P t-S ' 
=  2 .88 . 2 .93 A; A ^SPtS ' =  8 4 .0 —97.2°). T h e  f in a l’su lp h u r 
a tom  is n o t c o -o rd in a te d  w ith  S • • • Pt =  4 .04 , 4 .18 A. T his 
u n u su a l s te reo c h em is try  a ro u n d  p la tin u m (u ) co n tra s ts  m a r­
kedly  w ith  th a t o b se rv ed  fo r  th e  1 .4 ,7 -triazacy clo n o n an e  
an alo g u e  w hich  is c en tro sy m m etric  w ith tw o  dang ling  n itro g en  
d o n o rs  an d  a sq u a re  p lan a r  m eta l c e n tre .9
Potential /V  vs. Fc °/Fc*
Figure 2. Cyclic voltam m ogram  of [P t( l) 2](P F 6 ) 2 in M eC N  (0.1m  
B un4NPFf,) at 20 °C at p latinum  electrodes. Scan ra te  = 100 m V s _ ) . 
Fc =  ferrocene.
Figure 3. E .s .r . spectrum  of [P t( l) 2 P + at 77 K in M eC N  glass. (1 G  = 
10- 4  T .)
Cyclic v o lta m m e try  o f  [ P t ( l ) 2](P F 6)2 in M eC N  (0 .1 m  
B u n4N P F 6) show s a  o n e  e le c tro n  o x id a tio n  £ pa =  + 0 .4 6  V , 
w ith a re tu rn  w ave at =  + 0 .3 1 5  V  vs. F c°/F c+ , A £ p =  145 
m V , / pa//pc =  1.0 a t a scan  ra te  o f  100 m V  s_1 (F ig u re  2). 
O x id a tio n  o f th e  m eta l-free  ligand  (1 ), an d  o f  th e  com plex  
ca tio n  [ N i( l )2]2+ occurs n e a r  + 1 .0  V 10 su g g estin g  th a t  the  
o x id a tio n  o f [ P t ( l ) 2p + m igh t be o c cu rrin g  p re d o m in an tly  at 
th e  m eta l cen tre . C o n tro lle d  p o te n tia l  e lectro lysis o f 
|P t ( l ) 2p +  (X,,,ax, =  432 n m , e =  95 d m 3 m o l-1 c m -1 ) a t + 0 .5  V 
u n d e r  N 2 (20 °C, M eC N ) a ffo rd s a s ta b le  o x id ised  p ro d u c t 
(Anax =  401 nm , e =  3500 d m 3 m o l-1 c m -1 ), the  e .s .r . 
sp ec tru m  (77 K , M eC N  glass) o f  w hich  show s an an iso tro p ic  
signal w ith  g ,  =  2 .044, gp =  1.987 w ith  co u p lin g  to  195Pt 
(3 3 .8 % ), A  _ A 30 G , A =  85 G  (1 G  =  1 0 "4 T ) (F ig u re  3). A  
sim ilar e .s .r .  sp ec tru m  h as b e en  r e p o rte d  p rev io u sly  fo r 
[P t(d ia m s a r )p + . p re p a re d  by  y -rad io lv sis o f  th e  p la tin u m (rv ) 
te tra c a tio n  a t 77 K . an d  assigned  to  a  tra n s ie n t, o c ta h ed ra l 
p la tin u m (n i)  sp ec ie s .5 T h e  c o -o rd in a tio n  g e o m e try  of 
[ P t ( l ) 2p -,‘ is likely th e re fo re  to  b e  d is to r te d  o c ta h ed ra l w ith 
th e  tr ith ia  m acrocvcles a d ap tin g  to  th e  s te reo ch em ica l and 
e lec tro n ic  re q u ire m e n ts  o f d 7 p la tin u m (m ) an d  p o sitive  charge  
be ing  de lo ca lised  o n to  th e  th ia  d o n o rs .
T h e  im p o rta n ce  o f th e  ab ility  o f  (1) to  a d ju s t its m o d e  of 
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reflected by th e  re la tiv e  stab ility  o f  th e  p la tin u m (m ) p ro d u c t, 
and by th e  o x id a tiv e  in ac tiv ity  o f  th e  re la te d  h o m o lep tic  
species [P t(L )]2+ (L  =  1 ,4 .8 .1 1 -te tra th ia c y c lo te tra d e c a n e ,11 
1 ,4 ,7 ,1 0 ,1 3 ,1 6 -h ex a th iacy c lo -o c tad ecan e12). T h e  in ac tiv ity  o f 
the h e x a th ia  ligand  to  stab ilise  th e  h ig h er v a len t s ta te  m ay 
reflect th e  in ab ility  o f  th e  tw o  u n b o u n d  su lp h u r d o n o r a to m s 
in th e  co m p lex  ca tio n  to  c o m p le te  o c ta h e d ra l o r  py ram id al 
co-ordination a ro u n d  th e  m eta l c e n tr e ,12 w hile  fo r th e  
tetrathia co m p lex , c o -o rd in a tio n  is re s tr ic te d  to  sq u a re  p la n a r­
ity. In te re s tin g ly , W ie g h a rd t an d  c o w o rk ers  h av e  sh o w n 9 th a t 
platinum (rv) can  be  read ily  stab ilised  using  th e  co rre sp o n d in g  
triaza lig an d  sy s tem ; th is c learly  re flec ts  th e  e lec tro n ic  
differences b e tw ee n  po ly -aza  and  -th ia  d o n o rs  and  suggests 
lhat h o m o le p tic  su lp h u r  m acro cy c les m ay  in d ee d  be useful 
ligands fo r  se lec tive  m eta l re d o x  ac tiv a tio n  and  co n tro l. T h e  
stabilisation o f  re la te d  d 7 p a lla d iu m (m ) an d  rh o d iu m (n ) 
species h as a lso  b e en  ach iev ed  using  (1 ), w hile  w ork  on  th e  
corresponding ir id iu m (n )  system  is in  p ro g ress.
W e th a n k  B .P . C hem ica ls  an d  th e  S .E .R .C . fo r a C A S E  
Award (to  T . I. H .) ,  th e  S .E .R .C .  fo r su p p o rt. Jo h n so n - 
M atthey pic fo r g e n e ro u s  lo an s o f  p la tin u m  m eta ls , and  D r. 
R. J. N e lm es  fo r d a ta  co llec tio n  facilities.
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